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THE OCCURRENCE OF COENZYME A IN PLANTS? 


ELI SEIFTER 2.3 
Boranicat Laporatories, UNIverRsITY OF PENNSYLVANIA, PHILADELPHIA, PENNSYLVANIA 


Coenzyme A is of interest as it is a necessary co- 
factor in the Krebs tricarboyxlic acid cycle, and by 
implication one would expect it to be present in 
higher plants. However, there is little direct infor- 
mation on the distribution and the amounts of Co- 
enzyme A (Co A) in higher plants. This paper es- 
tablishes the widespread occurrence of this coenzyme 
in vascular plants. 


MATERIALS AND METHODS 


The plant materials were chosen as representa- 
tive of the various families of flowering plants. More 
detailed work was done on spinach, mung bean, pea, 
wheat germ, and corn since these plants are being 
widely used in current studies of plant metabolism. 

Direct Assays: Seeds, dried plant parts, or ma- 
terials high in Co A may be directly assayed for 
Co A by the methods listed below: Weighed samples 
were homogenized with an equal weight of water at 
80° C. After two minutes in the Waring blendor, the 
material was transferred to a beaker and boiled for 
five minutes. Occasionally more water had to be 
added at this point. The material was filtered 
through cheesecloth and clarified by centrifuging at 
4600 x g. The sediment was re-extracted in a similar 
manner and the filtrates combined. It was found 
that a third extract did not contain a measurable 
amount of Co A. The combined filtrates were di- 
rectly assayed for Co A. 

CONCENTRATION OF Co A: Since the extracts must 
contain five units of Co A per ml for the methods 
used here, the extracts of many plants cannot be di- 
rectly assayed. Im such cases extracts prepared as 
above were concentrated at reduced pressure below 
the freezing point to one-fourth of their original vol- 
ume. The concentrated solutions were used for Co A 
assay. 

In some experiments the plant tissues were dried 
and defatted with cold acetone. After the acetone 
treatment the tissue was dried in vacuo over P,O;; 
and these powders were then extracted and assayed 
by the direct method. The acetone powders were 
useful for the preparation of enzymes active with Co 


1 Received July 3, 1953. 

2 Supported by a grant of the National Cancer Insti- 
tute of the U. S. Department of Health, Education and 
Welfare. 

3 Present address: Central Research 
Monsanto Chemical Co., Dayton, Ohio. 


Department, 


A. Attempts to make acetone powders containing 
Co A by acetone precipitation of plant extracts 
failed. 

A coenzyme A standard was obtained from Dr. 
Lawrence L. Lachat of Armour and Company which, 
according to analysis in that laboratory contained 10 
units of Co A per mg. In addition two standard co- 
enzyme preparations were made following the method 
described by Kaplan and Lipmann (4) and Lipmann, 
Kaplan, et al (5). The first of these prepared as an 
acetone powder from a boiled extract of rabbit liver 
was found by Mr. H. 8. Moyed to contain approxi- 
mately 0.3 unit per mg. The second standard was 
obtained as a barium salt from a yeast coenzyme 
concentrate. Comparison with the other two stand- 
ards showed a content of 5.3 units of Co A per mg. 

Assay Procepure: The Co A was assayed by the 
method of Kaplan and Lipmann (4). When extracts 
of acetone powders of pigeon livers are aged, the Co 
A is destroyed and the ability to acetylate sulfanila- 
mide is lost; but is regained upon the addition of 
Co A. Since the acetylated sulfanilamide fails to re- 
act in the Bratton and Marshall (2) method for the 
determination of free sulfanilamide, the quantity of 
Co A can be determined by the disappearance of 
sulfanilamide. The colored compound resulting from 
ihe reaction of sulfanilamide with nitrous acid and 
l-naphthyl ethylenediamine is read in a _ photocell 
colorimeter with a filter giving a peak transmission 
at 530 to 540 mu. 

Another method of assay for Co A used was 
based on the procedure of Stadtman et al (8). The 
method depends upon the enzyme transacetylase 
(Stadtman, 7) which catalyzes the reversible reaction 


(1) acetyl phosphate +Co A 
—— acetyl Co A+ phosphate 


The enzyme is also capable of catalyzing an ir- 
reversible reaction 


(2) acetyl Co A+ arsenate —— acetate+Co A 


In a system supplied with acetyl phosphate, Co A, 
and arsenate the transacetylase quantitatively con- 
verts acetyl phosphate into acetate and phosphate. 
Stadtman has shown that this arsenolysis is propor- 
tional, within very wide ranges, to Co A concentra- 
tion when the system is supplied with ample trans- 
acetylase enzyme and arsenate. Since the disap- 
pearance of acetyl phosphate is a function of Co A 
concentration the reaction may be followed quantita- 
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Fic. 1. Acetylation of sulfanilamide by Co A with 

pigeon liver enzyme; total volume 1.0 ml, pH 7.1. 


Fic. 2. Similar experiment to that shown in figure 1, 


except the temperature was 25° C instead of 37° C. 


tively by the method of Lipmann and Tuttle (6) for 
the determination of acyl phosphates. The latter 
workers have adapted a well known organic reaction 
in which an acid anhydride of an organic acid is re- 
acted in acidic solution with hydroxylamine. The 
reaction product is the hydroxamic acid. The latter 
compound reacts with ferric chloride to form a com- 
plex possessing a characteristic color. 

As a standard for the determination of acetyl 
phosphate the monohydroxamiec acid of succinic acid 
was used. This was prepared by the method of 
Fieser (3) from succinic acid and acetic anhydride. 
Succinic anhydride thus prepared melted at 119° C 
and was free from acetic anhydride, acetic or suc- 
cinie acids. 

Using the purest acetyl phosphate he was able to 
obtain, Lipmann determined that 1 mole of the hy- 
droxamic acid formed from succinic acid produces 
80 % of the color produced by 1 mole acetohydrox- 
amic acid, when both react with an excess of ferric 
ions. 

The enzyme preparation, transacetylase, was pre- 
pared from Streptococcus hemolyticus kindly sup- 
plied by Lederle Laboratories. It has been assayed 
by Mr. Harris Moyed and ‘ound to contain 75 units 
of transacetylase per ml of enzyme solution. One 
unit is that amount of enzyme which catalyzes, when 
supplied with five units of Co A, the arsenolysis of 
1 »M of acetyl phosphate in 15 minutes, at 25° C 
and pH =7.5. 

The standard enzyme system defined by Lipmann 
is one in which 0.25 ml of the enzyme solution, when 
saturated with Co A (5 units) and supplied with 
adequate amounts of acetate, adenosine triphosphate 
(ATP), sulfanilamide and proper activators, and re- 
acting in a volume of approximately 1 ml, is able to 
acetylate approximately 50 pg of sulfanilamide in 2 
hours at 37° C. 

The enzyme prepared from pigeon liver was as- 
sayed and found to be acceptable for use in analyz- 
ing materials for Co A. This is illustrated in figure 1 
in which activity is plotted against time. 

The amount of coenzyme which will produce half 
maximal activity in the standard system has been de- 
fined as 1 Lipmann unit. By microbiological assay 
it has been found to represent 0.7 yg of bound 
pantothenic acid. Under conditions of this assay the 
Armour sample contained 11 units of Co A per mg. 

It has been shown by Kaplan and Lipmann (4) 
that the unit is a constant and is independent of the 
absolute amount of acetylation taking place in a par- 
ticular reaction. Therefore the course of the reac- 
tion was followed under two different temperature 
conditions. The time course at 37°C has already 
been shown in figure 1, while figure 2 shows the time 
course at 25°C. It will be seen that at 25°C less 
product is formed, but the shape of the curve is es- 


Fic. 3. The relation between Co A and amount of 
sulfanilamide remaining. One ml of Co A solution con- 
tained 2.5 mg of Armour Co A; or 11 units per mg. The 


pH was 7.1, 37° C; time = 125 min. 
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sentially the same -as that obtained at 37°C. In- 
cubation for 90 minutes yields more than 90% of 
the product that is formed in a 2 hour period. Ac- 
cordingly the conditions of the experiment were 
changed so that the tubes were incubated for 90 
minutes at 25°C. 

For all assay experiments a standard sulfanila- 
mide reaction mixture with the following composition 
was prepared: 

10.0 ml 


2.5 ml 
8.0 ml 


0.004 M sulfanilamide 

M magnesium acetate 

0.05 M potassium adenosine triphos- 
phate (ATP) 


10.0ml 0.2 M potassium citrate 


The mixture was kept in 5 ml vials in a frozen 
state. It was not kept for more than one week be- 
fore use. For the assay of Co A the following were 
used: 


0.3 ml standard sulfanilamide reaction 
mixture 

0.1-0.3 ml solution being analyzed 

0.1 ml 0.15M neutralized cysteine solu- 
tion 

pigeon liver enzyme preparation 
water to make volume 1 ml 


0.25 ml 


The pH of the reaction mixture was maintained 
slightly basic to brom thymol blue. 

After incubation the reaction was stopped by the 
addition of 4 ml of 5 % trichloroacetic acid (TCA). 
The reaction mixture was then centrifuged and 1 ml 
aliquots were taken for analysis of residual sulfanila- 
mide. 

Having standardized the conditions it was then 
possible to determine the response of the standard 
acetylating mixture to varying amounts of Co A. 
Figure 3 shows the effect of concentration of the co- 
enzyme upon the acetylating ability of the standard 
enzyme system. 

For this experiment a stock solution containing 


TABLE I 


CoMPaRIsON oF Two Meruops or ASSAY FOR 
CoENZYME A 


UNITS PER GM DRY WT 

PREPARA- 
TION Acetyta- ARSENOLY- 
TION ais 


Acetone 
powder 
Ba salt of 
coenzyme 
cone. 
Acetone 
powder 300 
Direct * 4l 
Direct 38 
Direct 22 
Direct 44 
Conc.** 11.2 


Armour Coenzyme 
Concentrate 
Brewers yeast 


11,000 10,500 


5,300 
Rabbit liver 


Wheat germ 
Corn germ 
Corn meal 
Pea meal 
Tomato fruit 





* Direct = hot water extract. 
** Conc. = hot water extract, concentrated. 
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TABLE I] 


CoenzyMe A ConTEeNT or SAMPLES OF REPRESENTATIVE 
PLANTS AND PLANT TISSUES 








PREPARA- 
TION * 


Units per Test 


TISSUE 
GM DRY WT USED ** 


Source 





Fruit vc 3 
Bud D 20.6 


Leaf 62 
Leaf 5.1 
Seed 30 
Leaf 

Bud 


Pollen 
Xylem 
Phloem 
Pollen 
Pollen 


Seed 
Seed 


Apple 
Brussels 
sprouts 
Bryophyllum 
calycinum 
B.crenatum 
Buckwheat 
Cabbage 
Cabbage 
Canada 
balsam 
Carrot 
Carrot 
Cattail 
Corn 
Cryptostegia 
granditiora 
C. madagas- 
cariensis 
Cryptostegia 
hybrid 
(largely 
sterile) 
Hevea 
Kok Saghy: 
Kok Saghyz 
Kok Saghyz 
Lettuce 
Mustard 
Onion 
Orange 
Orange 
Orange 
Peanut 
Pine 
Polypodium 


Seed 
Seed 
Seed 
Root 
Leaves 
Leaf 
Seed 
Bulb 
Seed 
Rind 
Pulp 
Seed 
Seed 


sp. Leaf 
Polypodium 

sp. Spores 
Potato Buds 
Potato Tuber 
Spinach Leaf 
Valerianasp. Root 
Valerianasp. Leaves 


Yam Root AP 


* AP = Acetone powder; D = Direct; VC = Vacuum 
concentrated. 
** Ac = Acetylation; Ar = Arsenolysis. 


25 mg of the coenzyme concentrate (Armour) was 
dissolved in 10 ml. Aliquots ranging from 0.05 to 0.3 
ml were added to tubes containing the standard 
amounts of enzyme and reaction mixture. Amounts 
corresponding to the addition of 0.01 to 0.06 ml of 
the coenzyme solution were made by diluting 1 ml 
of the stock solution five-fold. Figure 3 shows that 
45 pg of sulfanilamide were acetylated in 2 hours, 
and that 0.03 to 0.04 ml were required to produce 
half maximal activity. 


EXPERIMENTAL RESULTS 


Table I presents assay data obtained under the 
modified conditions with extracts from specified 
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sources. The data obtained by using the arsenolysis 
with primary and secondary Co A standards are also 
presented in this table. The excellent agreement be- 
tween the results obtained by both methods is more 
apparent than real. This is due to the fact that the 
standard Co A used in the arsenolysis experiments 
was itself standardized by the acetylation test. 

Table II lists the results of assaying a large num- 
ber of plants and plant parts for Co A. The wide 
distribution of Co A in plants is apparent. 

The distribution of Co A in the various parts of 5 
day old mung bean seedlings are shown in table III. 
Except for the low content in seed coats no marked 
inequality in the distribution in the parts was found. 

An attempt was made to further concentrate Co 
A from plant material. The method of preparation 
consisted of a modification of that used by Beinert 
et al (1). 

Two kg of wheat germ were boiled for ten min- 
utes with five liters of water and after ten minutes 


Tasie III 
CoenzyMe A ConTENT or Tissues or MuncG BEAN 


(Phaseolus aureus) SEEDLINGS * 





TISSUE 


UNITS PER GM DRY WT 


Plumule and first leaves 22.8 
Cotyledons 15.1 
Hypocoty] 14.7 
Radicle 24 
Seed coat 24 
Whole seed ** 42 


* Five day old seedlings; acetone powders were pre- 
pared and twice extracted with water at 85° C. 
** Ungerminated. 


at 100°C the preparation was centrifuged. The 
protein was precipitated by the addition of 10% 
TCA and removed by centrifugation. The supernate 
was neutralized to pH 7 with 0.1M NaOH and a 
second precipitate formed. This was removed by 
centrifugation and the volume was made up to 5,000 
ml. The pH was adjusted with 1N HCl to 5.5. 
Fifty grams of Nu-Char charcoal was added and the 
mixture was put in the cold for 4 hours. The char- 
coal containing absorbed Co A was recovered by 
centrifugation and filtration, and then was extracted 
with 500 ml of water-saturated phenol, at room tem- 
perature for three hours. After filtration, the cold 
filtrate was extracted with two 100 ml portions of 
chloroform to remove the phenol. The water solu- 
tion of the coenzyme was made 0.5 N with respect to 
H,SO,. The coenzyme was precipitated from this 
acid solution by the cautious addition of crystalline 
CuCl prepared according to the method of Fieser 
(3). The cuprous salt of the coenzyme was collected 
on a filter and then suspended in 20 ml of water. It 
was decomposed by treatment with excess H.S for 
several hours. The precipitated copper sulfide was 
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then removed by filtration and excess H,S by a 
stream of hydrogen. After this aeration the solution 
was treated with 10 volumes of acetone and kept in 
the deep freeze for 24 hours, during which time a 
precipitate formed, this was dried over P,O;. Upon 
analysis by the acetylation procedure it was found to 
contain 49 units of Co A per mg. Microscopic ob- 
servation indicated that a good portion of the residue 
consisted of cellulose fibers. The preparation of this 
sample represents approximately one thousand fold 
increase in the activity of Co A on a dry weight 
basis. However, such a preparation is still only 10 % 
pure. 


SUMMARY 


The study of the distribution of Co A in plants 
made use of the assay procedures described as acety- 
lation and arsenolysis. Both of these were adequate 
from the standpoint of sensitivity. Aqueous extracts 
of plant materials generally required concentration 
before they could be assayed for Co A content. Co 
A was found to be present in a large number of 
flowering plants, and non-flowering vascular plants. 

In general, the coenzyme is present in highest 
concentration in the seed and rather low concentra- 
tion in leaf tissue, even when these are considered on 
a dry weight basis. The lowest value detected was 
2.1 units per gm dry weight in the orange rind, the 
highest was found in the peanut seed—47 units per 
gm dry weight. 

The coenzyme was isolated from wheat germ in 
an impure state by a chemical technique based upon 
its properties as a mercaptan and as a nucleotide. 
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STUDIES ON THE CHEMISTRY OF THE LIVING BARK OF THE BLACK LOCUST 
IN RELATION TO ITS FROST HARDINESS. VIII. POSSIBLE ENZYMATIC 
PROCESSES INVOLVED IN STARCH-SUCROSE 
INTERCONVERSIONS ?:*:8 


M. H. EWART, D. SIMINOVITCH/S anv D. R. BRIGGS 


DEPARTMENT OF AGRICULTURAL BIOCHEMISTRY, UNIVERSITY OF MINNESOTA, 
Sr. Paut 1, MINNESOTA 


In studies on the chemical basis of frost resistance 
in plants Siminovitch et al (25, 26) observed pro- 
nounced seasonal changes in the absolute and relative 
concentrations of starch and sucrose in the living 
bark of the black locust tree. Their data suggested 
that these reserve carbohydrates are interconverted 
by a reversible process which is dependent on tem- 
perature and season. Low temperatures appeared to 
favor conversion of starch to sucrose while high tem- 
peratures favored the reverse process. The in vitro 
conversion of starch to sucrose observed in maple 
sap, by Bois and Nadeau (7, 8) was, like the in vivo 
process, favored by low temperatures. The conver- 
sion of sucrose to starch in plants is not as well 
known as the conversion of starch to sucrose. It is 
usually assumed that the synthesis of starch is cata- 
lyzed by phosphorylase. However, recent demon- 
strations of the enzymatic synthesis of starch and re- 
lated polysaccharides from disaccharides without in- 
termediate phosphorylations (3, 11, 12, 18, 19, 20, 
21, 22, 23, 24, 28) suggest that the phosphorylase re- 
action may not always be involved in the synthesis of 
starch in plants. It is the purpose of this paper to 
discuss some possible mechanisms for starch-sucrose 
interconversions and to present the results of certain 
experiments which may have a bearing on the 
mechanism in the living bark tissue of the black 
locust tree. 

The known enzymatic processes which may be in- 
volved ,in starch-sucrose interconversions are sum- 
marized in figure 1. The obvious possible route for 
the conversion of starch to sucrose involves phos- 
phorolytic degradation of starch to glucose-1-phos- 
phate (G-1-P) as catalyzed by phosphorylase (re- 
action A), followed by combination of G-1-P with 
fructose to form sucrose as catalyzed by sucrose 


1 Received August 24, 1953. 

2 The authors are indebted to the Herman Frasch 
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port of studies on the problem of winter hardiness in 
plants. The present paper is a report on part of this 
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Ewart to the Graduate School of the University of 
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4 Present address: Food and Drug Laboratories, De- 
partment of National Health and Welfare, 35 John 
Street, Ottawa, Ontario, Canada. 

5 Present address: Division of Chemistry, Depart- 
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phosphorylase (reaction B) (10, 16, 17). The re- 
quired fructose molecule could be produced from a 
second molecule of G-1-P by way of glucose-6-phos- 
phate (G-6-P) and fructose-6-phosphate (F-6-P) as 
intermediates. These reactions very probably do not 
represent the actual route of the conversion of starch 
to sucrose because the occurrence of sucrose phos- 
phorylase in higher plants has not been established. 
Furthermore, Hassid and Doudoroff (16) pointed out 
that the equilibrium point of the sucrose phos- 
phorylase reaction, 


- _ [Suerose] [H3PO,4] 
~ [Fructose] [G-1-P] 





= 0.05 at pH 6.4, 


favors the breakdown rather than the synthesis of 
sucrose. Yet many plants produce high concentra- 
tions of sucrose while the concentrations of fructose 
and G-1-P remain low. Unless plant cells can re- 
move sucrose from the sphere of influence of the en- 
zyme, this reaction cannot be involved in the syn- 
thesis of sucrose. 

A more plausible mechanism for the formation of 
sucrose is suggested by the work of Calvin and Ben- 
son (9). They observed that during the photosyn- 
thetic assimilation of radioactive carbon dioxide by 
algae, the hexose phosphates became radioactive be- 
fore sucrose, and sucrose became radioactive before 
glucose or fructose. This indicated that the immedi- 
ate precursors to sucrose were two hexose phos- 
phates. Calvin and Benson specifically suggested 
fructose-6-phosphate (F-6-P) and G-1-P. The F-6-P 

FRUCTOSE GLUCOSE 

+ ¢_-dextrancuerese —levansucrase _, 

DEATRAS (c) (9) 


+ 
LEVas 


dextrindextrinase 





GLYCOLYSIS 
- GLUCOSE 


MALTOSE —amylomeltase 
+ GLUCOSE 
(Fr) 











Fic. 1. Summary 
starch and sucrose. 


of enzymatic reactions involving 
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seems, indeed, to be a likely precursor because it pro- 
vides fructose with the furanose configuration and 
the energy release associated with liberation of the 
inorganic phosphate would decrease the probability 
of the reverse reaction. However, until such a re- 
action is demonstrated, the conversion of starch to 
sucrose cannot be explained on the basis of known 
enzyme reactions. 

The opposite process, namely the conversion of 
sucrose to starch, might take place simply by the re- 
verse of reactions (A) and (B). However, pending 
the identification of sucrose phosphorylase in plants, 
this explanation cannot be accepted. An alternative 
process for the formation of starch from sucrose 
would involve direct conversion without the forma- 
tion of phosphorylated intermediates. Several enzyme 
systems which catalyze direct conversion of sucrose to 
polysaccharides have been found in bacteria. These 
enzymes belong to the group called transglycosidases 
or transglycosylases (20) because the reections in- 
volve exchanging the glycosidic linkage of a disac- 
charide for that of a polysaccharide. Dextransu- 
crase, an enzyme found in Leuconostoc mesenteroides 
by Hehre (18, 19), catalyzes the direct conversion of 
sucrose to fructose and dextran, an q-1,6-glucosidic 
linked polymer of p-glucose (reaction C). Hestrin 
and Avineri-Shapiro (22) obtained a levansucrase 
from Aerobacter levanicum. This enzyme catalyzes 
the dissimilation of sucrose to glucose and levan, a 
polyfructoside having 2,6-linkages and retaining the 
furanose configuration of the fructose units (reaction 
D). Amylosucrase, an enzyme which catalyzes the 
direct conversion of sucrose to fructose and a poly- 
saccharide of the starch-glycogen type was obtained 
from Neisseria perflava by Hehre and co-workers 
(21) (reaction E). 

The equilibrium points of the levansucrase, dex- 
transucrase, and amylosucrase reactions strongly 
favor the production of polysaccharide. This is 
caused by the higher energy of the glycosidic linkage 
of sucrose as compared to that of the polysaccha- 
rides, and possibly by the relatively low concentra- 
tion of terminal glycosidic linkages in the polysaccha- 
rides. The high energy of the sucrose linkage may be 
due in part to the furanose configuration of the fruc- 
tose moiety. In the case of the levansucrase reac- 
tion, the furanose configuration of fructose is re- 
tained in the polysaccharide and detection of the re- 
verse reaction has been reported (12). 

Transglycosidases which catalyze reactions involv- 
ing carbohydrates other than sucrose have also been 
found. Monod and Toriani (23, 27) and Doudoroff 
and co-workers (11) found an amylomaltase in cul- 
tures of Escherichia coli. This enzyme catalyzes the 
reversible interconversion of maltose and starch (re- 
action F). 

The reversibility of this reaction is not surprising 
because both reactants have the same glycosidic link- 
age. The conversion of amylose to amylopectin by 
the Q-enzyme (4, 5) (reaction G) and the conversion 
of dextrins to dextran by dextrancextrinase (20) (re- 





action H) are transglycosidase reactions as they in- 
volve the production of 1,6-glycosidie linkages at the 
expense of 1,4-glycosidic linkages. The equilibrium 
points of both reactions appear to favor the 1,6-link- 
ages, indicating that these have a lower energy con- 
tent than the 1,4-linkages. 

Most of these enzyme systems have been found 
only in bacteria. Only the starch phosphorylase, the 
Q-enzyme, and the amylases have yet been found in 
higher plants. Since all of the reactions of sucrose 
listed here favor the destruction of sucrose it is evi- 
dent that the conversion of starch to sucrose cannot 
be satisfactorily explained on the basis of these re- 
actions. Whether conversion of sucrose to starch 
proceeds via phosphorylation or by direct conver- 
sion, only the glucose moiety appears in the polysac- 
charide. Both processes would be expected to cause 
an accumulation of fructose. Siminovitch et al (26) 
did not observe a significant accumulation of fructose 
associated with the production of starch in locust 
bark tissue. Thus, if either process is involved in the 
conversion of the black locust tree, the fructose must 
be rapidly metabolized or converted to polysaccha- 
ride by a different route. 

The detection of a phosphorylase system in the 
living bark of the black locust tree and a study of 
some of the properties of this enzyme system were 
described in an earlier paper (13). The possibility 
that phosphorylase and glucose-1-phosphate may be 
involved in the production of starch can be tested by 
determining whether or not the ratio of inorganic 
phosphate to glucose-1-phosphate in the tissue at the 
time of starch synthesis is favorable to such synthesis 
by phosphorylase. The equilibrium point of the re- 
action catalyzed by the locust tree phosphorylase 
(reaction A) is, as in the case of other phosphoryl- 
ases, independent of the concentration of polysac- 
charide (13, 14, 15). It may be represented by the 
equation 


Pp , 
G-1-P © > 
where P and G-1-P represent the total concentra- 
tions of inorganic orthophosphate and_ glucose-1- 
phosphate, respectively. The equilibrium ratio, K, 
is a function of the pH, varying from 10.8 at pH 5.0 
to 3.1 at pH 7.0 (14). Phosphorylase may be ex- 
pected to cause accumulation of starch only if the 
ratio of P to G-1-P is less than the value of the equi- 
librium ratio. If chemical analysis of tissue, in which 
starch is accumulating, indicates that the ratio of P 
to G-1-P is favorable to starch synthesis it would 
support the usual assumption that the starch is syn- 
thesized by phosphorylase. If, on the other hand, 
the observed ratio is unfavorable to starch synthesis 
it would suggest that some other mechanism is in- 
volved. 

It might be argued that the relative concentra- 
tions of inorganic phosphate and glucose-1-phosphate 
in the whole tissue are not necessarily the same as 
those within the environment of the phosphorylase. 
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The two compounds may not diffuse with equal ease 
between the extracellular and intracellular fluids, or 
the protoplasm may have a mechanism for maintain- 
ing local concentrations of glucose-l-phosphate. 
Phosphorylase has been detected in many plant tis- 
sues (29, 30) by infiltrating the starch-free tissues 
with solutions of glucose-l-phosphate and subse- 
quently testing for starch. This consists, in effect, of 
artificially changing the ratio of inorganic phosphate 
to glucose-l-phosphate within the cells and is de- 
pendent on diffusion of glucose-1-phosphate into 
them. If inorganic phosphate diffuse into the cells 
as readily as glucose-1-phosphate, it would be ex- 
pected that infiltration with a solution of the two 
compounds in equilibrium proportions would not 
cause starch accumulation. If, however, the cells are 
capable of preferentially excluding inorganic phos- 
phate or of concentrating glucose-1-phosphate, such a 
mixture could stimulate starch synthesis and the ob- 
served relative concentrations of these materials in 
the total tissue would not be significant. 

To test the possible role that phosphorylase might 
play in the starch-sucrose fluctuations which occur in 
the living bark tissue of the black locust tree, sam- 
ples were analyzed and the ratios of inorganic phos- 
phate to glucose-l-phosphate were determined at 
various times during the year or under circumstances 
where starch accumulation or starch disappearance in 
the tissues was known to be taking place. Studies on 
the effects of varying the ratios of the concentrations 
of inorganic phosphate to glucose-l-phosphate artifi- 
cially by the infiltration technique were made in cer- 
tain cases in order to determine whether selective 
permeability might constitute a modifying circum- 
stance in the evaluation of the significance of these 
analyses. 

A marked increase in the starch content of the 
bark tissue of normal locust trees occurs during May 
or with the onset of warm spring weather (26). 
This quickly reaches a maximum which in the 1950 
season occurred in the last week of May, followed by 
a rapid disappearance of starch to a spring minimum 
by mid-June. The starch content remains low 
throughout July, followed by a slow increase during 
August, September, and October. With the onset of 
cold weather in late October and during November, 
starch disappears again. If logs are taken from nor- 
mal trees in late May, when the spring maximum of 
starch content is observed, and are stored at a low 
temperature (3°C), the starch disappears and a 
concomitant and equivalent amount of sucrose ap- 
pears. Analyses obtained on samples from normal 
trees at various times during the year or from logs 
stored under abnormal temperature conditions thus 
furnish ample opportunity to determine the possible 
role of phosphorylase in starch synthesis or disap- 
pearance in the tissue. 


EXPERIMENTAL 


MatTERIALS: Tissue samples weighing approxi- 
mately 1.0 gm were removed from the living bark of 
black locust trees by a technique similar to that de- 
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scribed by Siminovitch, Wilson and Briggs (26). 
Samples were obtained from a tree, B, at various 
times throughout the 1950 season from early May to 
mid-October. In addition, two neighboring trees, A 
and C, were felled May 1 and May 22 respectively, 
and were sampled at the time of cutting. Logs from 
these trees were stored at 3°C and sampled again 
July 5 and June 28, respectively. Tests for starch with 
iodine—potassium iodide reagent made when the'sam- 
ples were taken indicated qualitatively the changes 
which were taking place in the content of starch. 
These changes were more quantitatively indicated, 
however, by analyses which were made on tissue 
from neighboring trees at the same time (26). 

Tissue Exrracts: Distilled water extracts of the 
tissue samples were used in the analyses for phos- 
phorus compounds. This was necessary because ex- 
tracts obtained with trichloracetic acid solutions in- 
variably became cloudy when later mixed with am- 
monium molybdate. All equipment used in the ex- 
traction procedure was previously chilled at -15° C, 
and the extractions were carried out in a cold room 
at approximately 3°C. The tissue samples were 
frozen by placing them on a block of dry ice for % 
hour. “hey were then macerated vigorously in a 
mortar with 10 ml of cold (0.0 to 3.0° C) distilled 
water, and the liquid was transferred to a small 
centrifuge tube and centrifuged. The supernatant 
liquid was decanted into a 50-ml volumetric flask. 
The residue in the mortar was triturated with 3 ad- 
ditional portions of 7 to 8 ml of the cold distilled 
water. Each extract was then mixed in succession 
with the accumulated residue in the centrifuge tube 
and centrifuged separately. The combined extracts 
in the 50-ml volumetric flask were mixed with 15 ml 
of cold 16 % (by weight) trichloracetic acid and di- 
luted to volume with cold distilled water. The pre- 
cipitate was separated by centrifugation and the 
supernatant used in the analyses for inorganic phos- 
phate and for inorganic plus 7-minute acid-hydrolyz- 
able phosphate. This extraction procedure gave 
satisfactory recovery of inorganic phosphate added 
to tissue samples in a mortar prior to the macera- 
tion treatment. 

Aliquots to be analyzed for inorganic phosphate 
were immediately neutralized to pH 4.0 with 1N 
sodium acetate to minimize the danger of hydrolysis 
of the labile phosphate esters. They were then 
placed in a boiling water bath for 7 minutes, cooled, 
diluted to 25 ml, and centrifuged. Aliquots to be 
analyzed for the sum of inorganic plus acid-hydrolyz- 
able phosphate were heated in boiling water for 7 
minutes prior to the addition of sodium acetate. 
They were then cooled, mixed with the same volume 
of sodium acetate as that used for the previous sam- 
ples, diluted to 25 ml, and centrifuged. Because of 
evaporation and destruction of trichloracetate during 
the heating, the pH of samples exceeded 4.0 at this 
stage. 

ANALYTICAL ProcepurEs: The 7-minute acid- 
hydrolyzable phosphate is reported as glucose-1- 
phosphate. Actually other acid labile phosphate 
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compounds may have been present in the extracts, 
causing the reported values to be too high. Two 
procedures were used to estimate the concentrations 
of phosphate in the extracts. Procedure I was de- 
seribed in an earlier paper (13). Procedure II was 
based on the isobutyl alcohol extraction procedures 
of Berenblum and Chain (6) and Allen (1) modified 
to avoid errors caused by the turbidity which some- 
times developed in the aqueous solutions. Aliquots 
of 5 to 10 ml from the supernatant fluid of neu- 
tralized extracts were transferred to glass-stoppered 
separatory funnels. Each was mixed with sufficient 
10 % trichloracetic acid to readjust the pH to 4.0, 
then with 5 ml of 0.1 M acetate buffer, pH 4.0, 2.5 
ml of 1% ascorbic acid in acetate buffer, and 2 ml 
of 2.4% ammonium molybdate. The color was al- 
lowed to develop for 10 minutes and then 10 ml of 
isobutyl aleohol followed by 1 ml of 0.35™M oxalate 
(0.35.M_ oxalic acid neutralized to pH 40 with 
0.35 M dipotassium oxalate) were added. The funnel 
was swirled to assure thorough mixing of the oxalate. 
Then 3 ml of 10 N sulfuric acid were added and the 
funnel was inverted several times. The alcohol layer, 
containing most of the molybdenum blue, was sepa- 
rated and the aqueous phase was re-extracted with 5 
ml of isobutyl aleohol. The two extracts were com- 
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bined in a 25-ml volumetric flask to which 0.5 ml of 
the 1% ascorbic acid solution had been added pre- 
viously. The solution was diluted to 25 ml with 
95 % ethanol and the optical density determined at 
670 my using a Coleman Model II spectrophoto- 
meter. The blank samples contained all of the re- 
agents but not the tissue extract. 

HistocHeMicaL Srupies: The black locust bark 
tissues selected for histochemical studies of the ef- 
fects of artificially varying the ratio of inorganic 
phosphate to glucose-l-phosphate contained very 
little or no starch detectable by qualitative tests with 
iodine-potassium iodide reagent. Thin tangential 
sections of the living bark were cut free-hand with a 
razor blade, washed by suspending in tap water for 
approximately one hour, and then transferred to the 
test solutions containing glucose-l1-phosphate. Solu- 
tions of dipotassium glucose-l-phosphate had an al- 
kaline pH and did not give positive histochemical 
tests for phosphorylase in viable cells unless they 
were adjusted to a weakly acid pH. Citric acid was 
used to acidify these solutions. Comparisons were 
made, at pH 6, of the rates of starch synthesis by 
the cells in the presence of equal concentrations of 
glucose-l-phosphate with and without added inor- 
ganic phosphate. If the accumulation of starch in 


TABLE I 


THe CONCENTRATION OF WATER-SOLUBLE INORGANIC PHOSPHATE AND 7-MINUTE AcID HypDROLYZABLE PHOSPHATE 
IN THE Livine Bark or Brack Locust TREES 





PROBABLE CHANGES 
IN STARCH 
CONCENTRATION 


Increasing 


Increasing 


Increasing 


Near maximum 


June Near minimum 
“ “ 


“ “ 


“ 


Near minimum 


Increasing 


Increasing 
“ 


PROCEDURE 


P/GM DRY MATTER 


' nora. P/A ABILE 
INORGANIC INORG. P/ACID LABILE P 


ACID LABILE 


mg mg 


0.360 0.0096 
0.335 0.0117 
0.326 0.0133 
0.310 0.010 


0.350 0.0098 
0.340 0.012 
0.395 0.0098 
0.376 0.012 


0.647 0.0214 
0.640 0.0129 
0.681 0.0171 
0.658 0.0171 


0.462 0.0294 
0.470 0.0181 
0.556 0.0135 
0.547 0.0158 


0.425 0.0168 
0.435 0.0056 
0.455 0.0197 
0.453 0.0113 


0.516 0.0165 
0.516 0.011 
0.453 0.013 
0.473 0.009 


0.624 0.033 
0.641 0.006 


0.295 0.010 
0.307 0.033 
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TaBLe II 
Tue CONCENTRATION oF WATER-SOLUBLE INORGANIC PHOSPHATE AND 7-MINUTE AcID HyDROLYZABLE PHOSPHATE IN THE 


Livine Bark or Brack Locust Trees AT THE TIME WHEN Trees Were Cur AND AFTER STORAGE FOB SEVERAL 


WEEKS 


at 3° C. (Srorace Was AssociaTeD WITH A DISAPPEARANCE OF STARCH AND ACCUMULATION OF SUCROSE) 








STORAGE 
TIME 


Date 
SAMPLED 


Date 


LE 
Tre CUT 


May 1 May 1 


(Starch increasing) 


May 1 July 5 65 days 


(Starch depleted) 


May 22 May 22 


(Starch near maximum) 


May 22 June 28 37 days 


(Starch depleted) 


the cells was retarded or prevented by the added in- 
organic phosphate in amounts approaching the equi- 
librium ratio, it would indicate that the cells did not 
preferentially admit or concentrate the phosphate 
ester. The experiments were carried out both with 
and without vacuum infiltration, but there was no 
apparent difference in the results obtained. 

To be confident that starch accumulation oc- 
curred in viable cells, tissue sections were stained 
with neutral red and examined microscopically. 
Cells which were stained by the neutral red were 
considered viable. The tissue sections were then 
washed with 95% ethanol to remove the stain, 
washed with water to remove the ethanol, and 
stained with iodine-potassium iodide reagent. The 
tissue sections were again examined microscopically 
and, because of the characteristic shapes of different 
sections, it was possible to say with confidence 
whether starch accumulation had occurred in viable 
cells. 


RESULTS 

The results of the analyses for phosphorus com- 
pounds in bark samples at the time of sampling in 
the field are shown in table I. The probable nature 
of changes taking place in the concentrations of 
starch in the samples, based on the observations of 
Siminovitch, Wilson and Briggs (26), are also indi- 
cated. The results of the analyses of samples from 
trees A and C before and after storage at 3° C are 
shown in table II. When the final analyses were 
carried out on the samples stored at 3° C, most of 
the starch had disappeared, and there had been a 
pronounced increase in the concentration of sucrose. 
Therefore it is assumed that these samples repre- 


ANAL. 








P/GM DRY MATTER Ratio 


1NorG. P/ActD LABILE P 


ee 


INorGANIC ACID LABILE 





mg mg 


0.360 0.0096 
0.335 0.0117 
0.326 
0.310 


0.658 
0.688 
0.615 
0.656 


0.647 
0.640 
0.681 
0.658 


0.716 


30.2 
49.5 
39.8 
38.5 


0.0235 
0.726 0.0043 
0.735 0.0235 
0.742 nil 


30.0 
169.0 
312 





sented tissue in a condition favoring the conversion 
of starch to sucrose. 

The lowest ratio of inorganic to acid labile phos- 
phate (glucose-1-phosphate) obtained in these anal- 
yses was 9.3. Since the equilibrium ratios vary from 
3.1 to pH 7.0 to 9.0 at pH 5.5 (13, 14) and the pH 
of the tissue was never less than 6.0, these results in- 
dicate that the conditions were unfavorable for the 
production of stareh by a phosphorylase mechanism 
in all of the tissues analyzed. However, they 
strongly suggest that phosphorolysis might be in- 


TABLE III 


Tue Resutts or INFILTRATION OF TISSUE SECTIONS FROM 

Livinc Bark or THE Brack Locust Tree witH Sorvu- 

TIONS or GLucosE-1-PHOSPHATE AND GLuCOsE-1-PHOs- 
PHATE Prius INerGANIC PHOSPHATE 


ConDITION 
OF CELLS 


STarRcH 
PRODUCTION 


Test 


M 
SOLUTION TIME 


Temp. 





° hr 
1.0% G-1-PK;* 
with no pH 
adjustment 
1.0% G-1-PK.* 
acidified to 3A 
pH 6.0 with 23-25 
citrie acid 
1.0% G-1-PK;* 
dissolved in 
0.1 M phos- 
phate, pH 6.0 


nil Viable 
23-25 nil Viable 


Viable 


+4, granular 
os Viable 


++, 


Some 
still 
viable 


23-25 50-60 +, granular 
[inorganic P] 
[G-1-PKe] * 


= 3.7 


*G-1-PK. represents the dihydrate of dipotassium 
glucose-1-phosphate. 





412 


volved in the disappearance of starch in those tissues 
in which its concentration was decreasing. 

The results of the histochemical experiments are 
summarized in table III. With weakly acid test solu- 
tions (pH 6.0) containing glucose-l-phosphate, but 
no added inorganic phosphate, there was definite ac- 
cumulation of starch within viable cells. The pro- 
duction of starch in the tissues was definitely inhib- 
ited by addition of inorganic phosphate to yield a 
ratio of inorganic phosphate to G-1-P of 3.7. The 
equilibrium ratio at this pH is approximately 6.7 
(14). This observation suggests that the inorganic 
phosphate had diffused into the viable cells as readily 
as glucose-l-phosphate. In those cells which were 
not alive, as indicated by the neutral red staining 
test, the starch which accumulated was diffused 


throughout the protoplasm while that which ap- 
peared in viable cells was granular. 


‘3 Discussion 

In these experiments a considerable variation in 
the analytical values for the concentrations of acid- 
hydrolyzable phosphate was observed. This is 
chiefly owing to the fact that these values represent 
the differences between the observed inorganic phos- 
phate concentrations before and after acid-hyd:oly- 
sis. They are subject to the same absolute errors as 
the much higher concentrations of inorganic phos- 
phate. However, the observed ratios were consist- 
ently unfavorable to the production of starch. In 
most instances this would be true even after allow- 
ance for a 100% error in the estimation of acid 
labile phosphate. 

The observed inhibition of starch production by 
inorganic phosphate in the histochemical tests sug- 
gests that the over-all ratio of inorganic phosphate to 
glucose-1-phosphate in the bark tissue is closely simi- 
lar to the ratio within the environment of the phos- 
phorylase enzyme. Thus, the evidence indicates that 
normal accumulation of starch in the black locust 
tree is not catalyzed by phosphorylase. This implies 
that the production of starch which is stimulated 
artificially by infiltration with glucose-1-phosphate 
may be an abnormal process. Stocking (27) has ar- 
rived at the same conclusion after studying the in- 
tracellular location of phosphorylase in leaves. He 
reported that although in vivo starch synthesis in 
the leaves was initiated with the chloroplasts, phos- 
phorylase could not be detected in the plastids with 
either histochemical or biochemical techniques. The 
possible role of phosphorylase in the degradation of 
starch in plants is not questioned, however. 

The conclusion that phosphorylase is not involved 
in the synthesis of starch or the cénversion of sucrose 
to starch in the black locust tree is entirely compati- 
ble with the known reactions for the interconversion 
of sucrose and polysaccharides (fig 1). Assuming 
that conversion of sucrose to starch does not involve 
phosphorylase, a possible route would appear to be a 
direct conversion catalyzed by amylosucrase or some 
similar transglycosidase. It may be of significance 
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that Siminovitch, Wilson and Briggs (26) observed 
production of starch in the black locust tree only 
when considerable sucrose (3%) was present. The 
direct conversion would liberate one molecule of 
fructose for each molecule of glucose incorporated in 
the polysaccharide. The fact that they did not ob- 
serve an accumulation of fructose associated with the 
conversion of sucrose to starch does not necessarily 
discredit the hypothesis. It is possible that during 
production of polysaccharide from sucrose the fruc- 
tose moiety is rapidly metabolized. 

The reactions shown in figure 1 do not provide a 
direct route for conversion of starch to sucrose and 
such a reaction is thermodynamically improbable. A 
role of phosphorylase in the low temperature break- 
down of starch and its conversion of sucrose in the 
normal metabolic breakdown of starch is likely be- 
cause the observed ratio of inorganic phosphate to 
glucose-l1-phosphate was at all times favorable for 
phosphorolysis. The probability that two phos- 
phorylated hexoses are required for the synthesis of 
sucrose (9) lends further support to the assumption 
that phosphorylase is involved in the degradation of 
starch. 


SUMMARY 


1. The possible role of phcsphorylase in the 
interconversion of sucrose and starch in the living 
bark tissue of the black locust tree has been investi- 
gated. 

2. Samples of the living bark tissue were ana- 
lyzed for inorganic phosphate and for acid labile 
phosphate (glucose-l-phosphate) at various times 
throughout the growing season. The observed ratios 
of inorganic phosphate to glucose-1-phosphate were 
unfavorable to the production of starch in all sam- 
ples, including those in which starch was actually ac- 
cumulating. This result suggested that some reac- 
tion other than the phosphorylase reaction was re- 
sponsible for the synthesis of starch in this tissue. 

3. Starch synthesis was demonstrated _histo- 
chemically in sections of the living bark tissue by in- 
filtrating them with a solution of glucose-1-phos- 
phate. 

4. The artificially stimulated starch synthesis was 
strongly inhibited by including inorganic phosphate 
with the glucose-1-phosphate in the infiltration solu- 
tion. 

5. It is suggested that the artificially stimulated 
starch production is an abnormal reaction. 

6. The evidence indicates that phosphorylase is 
not involved in the synthesis of starch or the con- 
version of sucrose to starch, but a role of phos- 
phorylase in the normal metabolic breakdown of 
starch or in the low temperature conversion of starch 
to sucrose is not questioned. 
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THE INTERRELATION BETWEEN CO, METABOLISM AND PHOTOPERIODISM 


IN KALANCHOE. 


Il. EFFECT OF PROLONGED DARKNESS 


AND HIGH TEMPERATURES! 


IRWIN SPEAR? ann KENNETH V. THIMANN 
Brorocicat LABorAToRIES, HArRvArp UNIversITY, CAMBRIDGE, MASSACHUSETTS 


When Kalanchoé Blossfeldiana is exposed to re- 
peated short-days there is a marked increase in both 
the amount and the rate of the fixation of carbon 
dioxide in the dark (3). Plants which have received 
a series of short day and long night cycles show an 
uptake of CO, in each dark period which begins 
slowly, increases to a maximum and falls again; 
finally it reaches zero and is followed by a brief 
period of CO, production just before the end of a 
16-hour dark period. If similar plants were kept in 
darkness for a period longer than 16 hours, there was 
no further CO, uptake but rather a steady loss of 
CO. by respiration. During the light period, on the 
other hand, the opposite phenomenon occurred; CO, 
was given off soon after illumination had begun, and 
this also passed through a maximum and came to an 
end before the end of the 8-hour light period. It 
was also found that the amount of CO, evolved 
paralleled the amount of CO, absorbed during the 
preceding dark period. This uptake of CO, in dark 
and release in light only occurred to a very small 
extent in plants exposed to 8-hour nights or to long 
nights interrupted with a brief light period. Tenta- 
tively the phenomenon was ascribed to the formation 
of a light-labile or heat-labile CO, compound, 
probably an organic acid. 

The parallelism between the effect of photo- 
periodic treatment on CO, metabolism and its in- 
fluence on flowering in this short-day plant is ob- 
viously very suggestive. However, before this 
parallelism can be pursued, the exact role of the light 
period in causing release of CO, needs further in- 
vestigation. In the preceding experiments (3) it was 
not determined whether the CO, release is due to 
light itself or to high temperature. This uncertainty 
stems from the fact that when the lights come on, 
although the temperature of the room remains con- 
stant, the temperature within the Lucite chamber 
containing the plant is raised to about 29°C. The 
temperature within the leaves doubtless rises even 
higher. It has been shown by Wolf (8) that organic 
acids are used up in Bryophyllum leaves kept in the 
dark at high temperatures, and other workers have 
demonstrated that acid formation by succulents is 
depressed at higher temperatures (1, 7). It was 
possible, therefore, that the production of CO, in 
light, particularly if it arises from an organic acid, 
might have been due merely to the temperature. It 
must also be borne in mind that the photoperiodic 
response of many plants, in regard to flowering, can 
be extensively modified by temperature. 


1 Received September 10, 1953. 
2 Present address: Department of Botany, University 
of Texas, Austin, Texas. 
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With this problem in mind, plants were exposed 
to successive short-day cycles and then held in pro- 
longed darkness. The CO, metabolism was followed 
continuously. After the dark fixation of CO, had 
been completed, the plants were exposed to high 
temperatures while still in the dark. 


MATERIALS AND METHODS 


Kalanchoé Blossfeldiana var. Tom Thumb were 
raised from cuttings taken from plants which had 
been maintained on long days. They were grown in 
air-conditioned lightrooms at 19° C. and 75 % relative 
humidity with a light intensity of 1500 fe at plant 
level, as previously described (3). Prior to treat- 
ment, the daylength was maintained at 16 hours. 
The term “short-day cycle” refers to 8 hours light 
and 16 hours darkness. 

The plants were inclosed in the Lucite gas-tight 
chambers previously described (3), and the CO, 
determinations were made with the infra-red gas 
analyzer. Because of variations in the composition 
of the air supply, the data are presented as a per- 
centage of the CO, content of the incoming air 
(which averaged 0.04%). Flow rates were main- 
tained at 0.5 liters per hour by means of a 
modification of the apparatus described by Porter, 
Pal and Martin (6). 


27.5 


RESULTS 

Errect oF 30° C Temperatures: As stated above, 
the dark fixation of CO., by plants given repeated 
short-day cycles is usually completed before the end 
of the 16-hour dark period. Exposure to a further 
32 hours of darkness at 20° C caused only a steady 
production of CO. When the lights were turned 
on at the end of this 48-hour dark period, a burst of 
CO, production occurred very similar to that taking 
place after 16-hour dark periods. In figure 1 the 
behavior in light is compared for the same plant 
following 16-hour and 48-hour dark periods. It will 
be seen that in both cases photosynthesis (CO, up- 
take) begins immediately after the plants are illumi- 
nated, but that within about half an hour a vigorous 
production of CO, supervenes. This lasts 5 to 7 
hours. There is some difference in the speed of onset 
and duration of the CO, production in the two cases. 
However, the close correspondence between the total 
amounts of CO, evolved in the two cases proves that 
the product of the dark fixation, which is decomposed 
in light, is still present after 48 hours, and hence fairly 
stable in the dark at 20° C. 

In order to ascertain whether the production of 
CO, in light could be explained by increased tempera- 
ture alone, plants which had been pretreated with 36 
short-day cycles were left in prolonged darkness, and 
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Fic. 1. The production of CO. during the light 
phase by a Kalanchoé plant pretreated with 32-34 short- 
day cycles. The solid line represents the metabolism of 
the plant in light after a prolonged dark period of 48 
hours, while the broken line represents the average me- 
tabolism during the two previous light cycles after the 
normal 16-hour long nights. 





after the dark fixation of CO, was completed, and the 
rate of respiration had become fairly constant, the 
chambers were transferred, in the dark, to a 30°C 
incubator. 

One of two experiments of this sort is presented 
in figure 2. It will be seen that the plant pretreated 
with 36 long nights (solid line) has a considerable 
net uptake of CO, during the first 16 hours of the 
dark phase, but that, when continued in the dark, 
no further uptake occurs. The control plant (broken 
line) was given 36 long-night cycles, each interrupted 
by 10 minutes of 1500 fe given at the middle of the 
dark phase. This plant shows only very little net 
fixation of CO, and thereafter produces CO, steadily 
when continued in the dark. After the rate of respira- 
tion was stabilized, the short-day-treated plant (solid 
line) was transferred, in the dark, to 30° C.; an im- 
mediate large increase in the rate of production of CO, 
is evident. The rate of production of CO, reached a 
maximum and then declined, stabilizing at about the 
rate of production prevailing before the temperature 
was raised. After approximately 6 hours at the new 
stabilized rate, the chamber was removed from the 
incubator and the lights were turned on. A second, 
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but reduced, burst of CO, production was now found 
to occur and the full photosynthetic rate was not 
achieved until at least 6 hours later. As previously 
reported, the control plant pretreated with inter- 
rupted long nights showed only a minute burst of 
CO, on illumination. 

Similar, though not quite identical, results were 
obtained in a second experiment (fig 3). In this the 
plant was also pretreated with 36 long-night cycles 
and shows the typical, extensive CO, fixation during 
the first portion of the dark phase. By the end of 
the usual 16-hour dark period this fixation has given 
way to CO, production. When the rate of production 
had become fairly stable, the chamber was again 
transferred to a 30°C incubator in the dark, and 
again an immediate increase in production of CO, 
was evident. After reaching a maximum, the rate of 
production of CO, in the dark at 30° C stabilized at 
a somewhat higher value than it had been at 20° C, 
which is to be expected. When this rate fluctuated 
little for 8 hours, the chamber was returned to 20° C. 
and the lights were turned on. A second release of 
CO. was evident, and photosynthesis did not reach 
its full rate by 4.5 hours. Again, however, the CO, 
evolved in the light at 20° C was apparently less than 
at 30°C in the dark. The higher rate of dark up- 
take by this plant is probably due to its greater 
volume of leaf material. 

EFFECT OF 
FLOWERING: 


Dark PHASE TEMPERATURE ON 
It was postulated that if the dark 
fixation reaction had any causal relationship to the 
flowering response, then exposing plants to high 
temperatures during the dark phase of induction 
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Fic. 2. The COs metabolism of Kalanchoé during a 
prolonged dark period of almost 38 hours. The broken 
line represents a plant pretreated with 36 interrupted 
long nights and the solid line a plant that was pretreated 
with 36 uninterrupted long nights. The plant designated 
by the solid line was placed in a 30° C incubator for the 
period shown. 
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Fic. 3. The CO, metabolism of Kalanchoé during a 
prolonged dark period of 43 hours, after pretreatment 
with 37 long-night cycles. The plant was placed in a 
30° C incubator for the period shown, 


should decrease the flowering. Effects of the dark- 
phase temperature on the flowering response have 
already been demonstrated for a number of plants 
(2, 4) and, for a fairly low temperature range, for 
Kalanchoé (5). It seemed desirable, nevertheless, to 
study the effects of high temperature under our con- 
ditions. 

Plants were therefore exposed to fifteen short-day 
cycles (a marginal treatment for flowering induction 
under these conditions). During the light phase the 
air temperature was 19 to 20°C, but during the 
dark phase the plants were placed in incubators at 
temperatures between 15 and 35°C. The results of 
two preliminary series are shown in table I. It can 
be seen that, in general, higher temperatures strongly 
decreased the initiation of flowers. The only plants 
which produced open fertile flowers, however, were 
the plants maintained at 30° C in the second series, 
although these plants developed fewer buds and the 
flower primordia were evident at a later date than 
plants kept at 15° C. 

METABOLISM IN PROLONGED DARKNESS AFTER 
PRETREATMENT WITH NON-INpUCTIVE CycLes: In 
figure 2 it is seen (broken line) that a plant pre- 
treated with non-inductive, interrupted long nights 
has little net dark fixation of CO, and that CO, 
fixation does not take place even though the plant 
is now kept in prolonged darkness. The effect of pre- 
treatment with interrupted long nights followed by 
long days is shown in figure 4. In this experiment, 
plant A (broken line) was pretreated with 36 short- 
day cycles with interrupted long nights, while plant 
B (solid line) received 21 such interrupted long-night 


cycles followed by 15 long-day cycles. Both received, 
in addition, 8 hours of light preceding the start of 
prolonged darkness. Neither of these treatments led 
to flowering. 

As in figure 2, we find that with both of these 
plants there is some fixation of CO, during the early 
part of the dark period (as evidenced by decreased 
respiration), but that subsequently there is a con- 
tinuous production of CO., presumably at the normal 
respiration rate. When the lights were turned on 
after 43 hours of darkness, both plants showed only a 
small burst of CO, in light. 

DiscussION AND CONCLUSIONS 

The large quantity of CO, released when short- 
day-treated plants are raised to 30°C in the dark 
(figs 2 and 3) indicates that at least part of the 
fixation product is thermo-labile. The secondary 
burst obtained on exposure to light, following this 
30° C treatment, can only be interpreted as the light 
destruction of additional material. Since the thermal 
destruction at 30°C had obviously reached com- 
pletion, it follows that part of the CO, fixation 
product is thermo-stable and is decomposed only in 
light. 

Whether the thermo-labile fraction (which is the 
major fracticn) is also decomposed by light (at 
20° C) is not established. Thus the CO, which is 
released by short-day-treated plants at the beginning 
of each light phase may be due to light alone or may 
be made up of both thermo- and photo-labile com- 
ponents. That there is a truly photo-labile material 
is supported by the organic acid determinations of 
Bonner and Bonner (1) on three Bryophyllum 
species. They found that when excised leaves were 
incubated for 48 hours at 25° C in the dark there was 


TABLE [| 


Errect or DarK PHASE TEMPERATURE ON FLOWERING 


BEHAVIOR IN 60 DAYS FOLLOWING START OF 
SHORT DAY TREATMENT * 


FLOWERING RESPONSE, 
NO. OF PLANTS FLOWERING 
PER NO. OF PLANTS 
TREATED 


No. OF DAYS TO FIRST 
VISIBLE FLOWER 
PRIMORDIA 


Series 1 
49-59 
58 


15 
20 
25 
30 


35 


35 
38 
54 
48 


Oo = ee DO 
bo bo DO bo bO 


* 15 days of 8 hrs light and 16 hrs dark, then returned 
to 16-hr days at 20° C. 

** One of the other plants showed a questionable 
flower response. 

+ Numerous unopened flowers. 

+* The other plant formed a single flower by the 75th 
day. 
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u small increase in the organic acid content, while 
incubation for the same period at 25° C in the light 
gave considerable decreases in the organic acid con- 
tent. 

Plants pretreated with cycles such as 8-hour 
nights or interrupted long nights, which do not induce 
flowering, fail to show much fixation of CO, even 
when exposed to a prolonged dark period (figs 2 and 
4, also figs 5 and 6 of the preceding paper). The 
plants in figure 4 do show a small amount of fixation 
(as evidenced by an apparent decrease of respiration) 
during the first portion of the dark phase. Following 
the prolonged dark period there is only a small 
amount of CO, production in light. It follows that, 
as previously reported (3), a succession of long un- 
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Fic. 4. The CO. metabolism of Kalanchoé during a 
prolonged dark period of 43 hours after pretreatment 
with 36 interrupted long nights (plant A), or 21 inter- 
rupted long nights followed by 15 long days (plant B). 


interrupted nights is required for the development 
of a large net dark fixation and subsequent light 


production of CO,. A single uninterrupted long 
night, even though of extensive duration, will not 
substitute for such a succession. The data confirm 
the conceptions, already brought forward, that (1) 
the CO, released in the light must come from the 
dark fixation products, and that (2) dark fixation 
requires a preceding light period. The effects of 
light and dark periods are thus closely interwoven. 
The preliminary experiments presented in table I 
indicate that high temperature, a factor shown to 
destroy part of the dark fixation product (figs 2 and 
3), also decreases the initiation of flower primordia. 
It is evident, therefore, that three different treat- 
ments which decrease the amount of CO, fixed in the 
dark, i.e., short nights, interruptions of the night, and 
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long nights at high temperature, all decrease the 
flowering response. The role of the dark temperature 
may be complex, however, since temperatures favor- 
ing the initiation of flower primordia do not favor 
their subsequent development into open fertile flowers, 
but lead instead to phyllody of bracts. 


SUMMARY 


Plants of Kalanchoé Blossfeldiana, previously ex- 
posed to short days, were allowed to fix CO, in a pro- 
longed dark period and then the temperature was 
raised to 30°C. A large quantity of CO, was evolved. 
On now exposing to light at 20° C a further (smaller) 
evolution of CO, occurred. It is deduced that the 
dark fixation product comprises both thermo-labile 
and photo-labile fractions. 

Plants given the minimum number of short-day 
cycles to induce flowering, but kept at different tem- 
peratures during the dark period, showed a decreased 
flowering response at high temperatures. This sug- 
gests that the product of dark fixation of CO. may 
be causally related to flowering. 

Exposure to a single very long dark period causes 
little or no CO, fixation, and correspondingly there is 
little CO, evolution on subsequent exposure to light. 
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SOME PHYSIOLOGICAL CHARACTERISTICS OF ASCOSPORE 
ACTIVATION IN NEUROSPORA CRASSA! 


MARY R. EMERSON 
KerckHorr LABORATORIES of BioLtocy, CALIFORNIA INsTITUTE or TECHNOLOGY, 
PASADENA, CALIFORNIA 


The application of heat is used to break the 
dormant state in spores of several species of bacteria 
and fungi and ensure germination at a known time 
and in predictable numbers. Using the ascospores of 
Neurospora tetrasperma, Goddard (3) and Goddard 
and Smith (5) investigated this type of activation, 
paying particular attention to the critical temperature 
of the activation reaction and to the respiratory in- 
terrelations existing among dormant, activated, and 
germinating spores. A very large increase in the 
respiratory rate—from ten- ‘to forty-fold—iakes 
place when dormant spores are subjected to an acti- 
vating temperature, and this rate doubles when 
germination occurs, approximately three hours after 
activation. The respiration of each stage differs 
qualitatively as well as quantitatively from the other 
stages as shown by the dissimilarities in inhibition in 
response to several respiratory poisons. Further, 
carboxylase activity could not be detected in dor- 
mant spores, but was found after heat treatment, 
suggesting that the activation of this enzyme may 
be the primary effect of heat which leads to the in- 
terruption of the dormant state. Acetaldehyde and 
ethanol, alone of many substrates tested, were able 


to induce a large increase in the Qo. of dormant 


spores, but this imerease was far short of the 
phenomenally large one accompanying activation; 
and in faet these substrates did not activate the 
spore, or at least, did not result in germination. 
Goddard (3, 4) also demonstrated that activated 
spores could be returned to the dormant condition by 
the inhibition of respiration after activation; that 
they could then be reactivated de novo, and that 
this sequence could be repeated at least several times. 

Later Emerson (1) found that furfural is as 
effective as heat in inducing activation of ascospores 
of \N. crassa, and Mefford and Campbell (7) found 
that it is also successful in bringing about the germ- 
ination of spores of a number of thermophilic and 
heat tolerant bacteria. The way the activation is 
effected is quite unknown, although Mefford and 
Campbell suggest that in bacterial spores it may be 
due to a detoxification of the medium. This would 
not explain activation in Neurospora where no 
medium other than distilled water need be involved. 
Recently Sussman (8) has tested a large number of 
analogues of furfural, and also many substances of 
known biological activity, for ability to activate dor- 
mant spores or to inhibit activation and growth. 
The results suggest that only unsaturated, 5-mem- 
bered heterocyclic compounds are active (diethyl 
ether showed slight activity), and that many 
analogues of active substances (particularly those 


1 Received October 23, 1953. 


with substituted nitro-groups, and carboxylic acid 
derivatives) are strongly inhibitory to germination 
and to mycelial growth. 

The work to be reported here was planned to 
learn more about the nature of chemical activators, 
and of the relationship of chemical to thermal acti- 
vation. For this general purpose fwo lines of investi- 
gation, briefly referred to in a previous publication 
(1), are more thoroughly explored: (a) the activity 
ef substances related to furfural; and (b) a com- 
parison of chemically and thermally induced acti- 
vation with respect to spore age, to reactivation, and 
to the effects of some respiratory poisons and other 
inhibitors. 

The term activation is not used synonymously 
with germination; the latter is regarded as the entire 
sequence of reactions wuich lead to the appearance 
of the germ tubes, i.e., to mycelial growth. Activa- 
tion is here used to refer only to the initial stages of 
this sequence, which break dormancy. 


MATERIALS AND METHODS 

Two pairs of wild type strains: 1A and 25a and 
E5256A and E5297a, primarily the latter, were used 
in these experiments, unless otherwise noted. Asco- 
spores were collected from made in Petri 
dishes on a special medium (10) inducing a heavy 
production of perithecia. When ripe a sample of 
spores all of one age was collected by placing a fresh 
cover on the Petri dish when spore shedding was well 
started. By inverting the Petri plate and placing it 
in the sun, a particularly large sample could be 
collected in a few hours. The cover was then re- 
moved to a fresh base plate containing water and 
stored in the dark at a temperature of 23 to 25° C. 
Spore samples collected in this fashion contained 
relatively few conidia and produced very little 
mycelial growth. For use in tests, small batches of 
spores were removed with a microspatula from 
several regions on the cover, and mixed. The number 
of spores per experiment varied from under 1000 
where only solid media were used to between 500,000 
and a million with liquid media. In the earlier ex- 
periments spores were washed with a 35 % solution 
of Purex (5.25% sodium hypochlorite) to kill any 
conidia present, but it was found that a more careful 
collection of spores, and particularly the use of non- 
nutrient plating medium (agar and water) made this 
step unnecessary. In tests relating to spore age, the 
time since shedding was noted to the half day or less; 
in all other experiments the spores used were within 
the age range known to be reactive, i.e., from 2 days 
to 6 weeks. Any deviation from this rule is noted. 
In all cases spores were subject to three routine 
controls: plating on blank medium with no activation, 
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activation by heat for 30 minutes, and activation by a 
standard furfural solution, 1.2x10+*M (0.01 ml/I). 
The work reported here was done over a period of 5 
years; the use of many different collections of spores 
was consequently unavoidable, but the controls 
demonstrated a very high degree of stability in the 
spores with regard to the reactions which are the 
subject of the experiments under consideration. 

Two alternative procedures were used exclusively 
in all tests. In the first, spores were plated on a non- 
autoclaved agar medium containing the test substance 
or substances, in Petri dishes of a convenient size. 
Germination counts were made after an exposure of 
16 to 20 hours (at 23 to 25° C), which allowed time 
for slowly penetrating substances to take effect. For 
heat activation these dishes were placed partially 
submerged on a wire shelf in a constant temperature 
bath (60° C) for 30 minutes. The plating media were 
freshly made for each test, with glass distilled water 
and 1.5 to 3% agar. For the series testing active 
compounds and responses to age, 2% sucrose and 
Fries No. 3 salt solution were also added to the 
media, but these were left out in later experiments. 
Activation, germination, and some mycelial growth 
of a normal form, take place in the absence of sugar 
and salts while growth from contaminating conidia 
is so reduced that it does not interfere with germi- 
nation counts, making the use of this type of medium 
more convenient for experiments lasting over 24 
hours. In some cases the pH was noted because the 
degree of dissociation of the test substance was of 
interest. In itself, the pH of the medium over the 
range 3 to 7 was without apparent effect on germi- 
nation; beyond this range the effect has not been 
determined. 

In the second type of procedure the spores were 
suspended in a solution of the test substance, and 
were usually washed afterwards, but the circum- 
stances varied and were noted in the data each time. 
After the activation treatment, the spores were plated 
on agar and germination was noted as described 
above. The number of spores counted also varied 
and consequently was noted in each case. 

The criterion used to denote activation was the 
appearance of the germinal buds or tubes, since this 
is the only easily available indication that activation 
has taken place. A negative result, particularly in 
the use of poisons, needs careful interpretation since 
it may be due to an inhibition taking effect after 
activation but before germination is evident. 

All substances were tested for contamination with 
furfural by the aniline acetate test (11). This test is 
in general very satisfactory since it will show a pink 
color for furfural, 0.2-0.1 ppm, though with a few 
substances another color interferes with the detection 
of physiologically active amounts of furfural. More 
serious is the lack of any equally sensitive test for 
other very active substances; however, the more 
active of these, 5-methyl furfural and 5-hydroxyl- 
methyl furfural, are unlikely to be contaminants in 
the substances tested for activity. In the series of 
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substituted benzaldehydes it is quite possible that the 
slight activity exhibited by some was due to the 
presence of unconverted benzaldehyde. 


RESULTS 


CHEMICAL ActivATING AGENTS: As a preliminary 
to inquiry into the activating ability of various sub- 
stances, several determinations of the relation be- 
tween length of exposure to an activating agent and 
consequent percentage of germination were made. 
Spores were suspended in furfural solutions of several 
strengths; small samples were withdrawn at intervals, 
quickly washed three times, and then plated on blank 
agar. The results of one such experiment are given in 
figure 1. For the present purpose the significant fact 
is that with the lower concentration of furfural the 
maximum amount of germination was reached only 
after an exposure of an hour. For this reason in all 
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Fic. 1. The effect of time of activation on germina- 
tion at room temperature. The spores are 19 days old. 


the following tests the spores were left in contact 
with the test substances overnight as previously 
described; this procedure should have provided the 


maximum chance for complete activation. After 
noting germination, in response to the test substances, 
the Petri dishes with the plated spores were placed 
in the 60°C bath to determine whether further 
germination could be induced by heat activation, and 
after such germination to note the type of early 
hyphal growth, which provides a good check on the 
toxicity of the test substences. This procedure 
showed that in every case where the first activating 
stimulus (chemical) was only partially effective (or 
entirely ineffective), the final total germination was 
equal to that of the control except in the few cases 
where the test substance was inhibiting to germi- 
nation. This is an extension of the all or none rela- 
tion noted by Goddard for spores subjected to heat 
insufficient for maximum germination. 

The substances tested were chosen in an attempt 
to discover in what, if any, part of the furfural 
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5-H yproxy- 
METHYL- 
FURFURAL 


5-MeErTHyYL 


NAME: J 
ME FURFURAL vane 


ForMULA: 





Conc. (M) 


12x10? 
24x10" 
12x10" 
1.2x 10“ 
12x 10° 
1.2 x 10° 


* 


FuRFURYL 
ALCOHOL 


HRCHO* CH;:RCHO CH.OHRCHO HRCH:OH HR’CHO 


Acet- 
ALDEH YDE 


HOR’CHO R”CHO CH;CHO ** 


PYRROLE-2- 
ALDEHYDE 


SALICYL- 
ALDEHYDE 


BENz- 
ALDEHYDE 


%o germination 


13 
24 
7 


** The same set of spores gave no activation with CH;CHO a few days later. 
+ These responses are limited to a short period of maturity. 


molecule physiological activity resides. Each com- 
pound was used on several occasions. The results 
showed little variation except in the case of weak 
responses which often could not be repeated with the 
same spore sample later. All compounds found to 
have any appreciable activity, as well as several 
illustrating threshold activity, are listed in table I. 
The following were inactive: furan, furoic acid, 
furoin, furfuryldoxime, furoamide, methyl-furyl acro- 
lein, 5-nitrofurfural, o-amino-benzaldehyde, anisalde- 
hyde, m-hydroxybenzaldehyde, o-methoxybenzalde- 
hyde, 3-acetyl-6-methoxybenzaldehyde, cuminalde- 
hyde, cinnemaldehyde, peach lactone (C,,Ho90.), 
glyoxal, glyceraldehyde, butyraldehyde and pyridoxal. 
At a concentration of 1.2 x 10 M furoie acid, several 
substituted benzaldehydes, and pyridoxal each, on one 
occasion, induced from 7 to 15% germination. At 
1.2x10°M also, germination after heat activation 
was suppressed by 5-nitrofurfural and o-methoxy- 
benzaldehyde (an emulsion at this concentration), 
and reduced by  3-acetyl-6-methoxybenzaldehyde. 
Myeelial growth was suppressed (i.e., germinal buds 
only appeared), or reduced by methyl-furyl acrolein, 
salicylaldehyde, cinnemaldehyde and peach lactone. 
A concentration of 1.2 x 10° M was investigated only 
for active substances—it was inhibitory to mycelial 
growth, but not to germination, in every case. None 
of the substances listed above was inhibitory to 
mycelial growth at a concentration of 1.2 x 10+ M. 
These results suggest that all compounds with 
appreciable activity possess an unsaturated ring; the 
furan ring is not necessary nor is a heterocyclic ring, 
but the inclusion of a furan ring appears to give the 
greatest activity; with one exception (furfury! 
alcohol) all active substances are aldehydes. Several 
facts suggest that the CHO group is important for 
the activation reaction. In the series of substituted 
benzaldehydes tested, every substitution resulted in 
loss or very great reduction in activity; hydroxy and 


methoxy groups in the ortho, but not in the para or 
meta, position also increased the toxicity of the com- 
pound. With the noted exception of furfuryl alcohol, 
loss of the CHO group or change in its relation to 
the ring as in methyl-furyl acrolein and einnemalde- 
hyde, also brought loss of activity, with increased 
toxicity in the last two cases. However, furfural 
diacetate was found to be as active as furfural by 
Sussman (8), with a good number of other 5-mem- 
bered heterocyclic compounds showing less but very 
considerable activity even though they lacked the 
CHO group. While it might be possible to explain 
the activity of the aleohol and acetate as the result 
of substantial oxidation (by air) or hydrolysis, such 
an easy conversion is not available for compounds 
like 2-thiophene chloride or 2-methyl furan. Also it 
was not possible at the end of the tests with furfuryl 
alcohol to find any indication of oxidation to furfural 
by means of aniline acetate, though this does not rule 
out the possibility that it occurred. 

The increase in O, uptake, after heat activation, 
by the spores of NV. tetrasperma is very marked (4); 
there is every reason to believe that the same 
sequence of reactions takes place in N. crassa. To 
make sure of this, but primarily to ascertain whether 
the respiratory response is the same after chemical 
as after heat activation, a number of trials were 
made using the Warburg respirometer. Spores were 
freed as much as possible from conidia by Goddard’s 
method of repeated differential settling through water 
in deep cylinders. Equal aliquots (approximately 
2 mg dry wt) of a heavy suspension of spores were 
used in each vessel; the error involved in this method 
of apportioning spores is rather large—it is probably 
about 25 % judging by dried samples. Nevertheless, 
the results are sufficiently orderly to indicate that 
the individual results in any one experiment may be 
roughly compared. The data from two such experi- 
ments are represented graphically in figure 2. 
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Fic. 2. Respiratory response to chemical- and heat-activation. 


TIME IN HOURS 


Wahrburg respirometer used. Equal aliquots 


of 2-month-old spores suspended in Fries’ salt solution; activating compound added from sidearm at time indicated 


by arrow. 
Fic. 2-a (left). 


Heat activation: 4 hr at 60° C, completed at zero time. Temperature during experiment 25° C. 


Samples removed at end of runs and plated for germination counts. 


Fic. 2-b (right). 
fural, 7—heat. 


It is apparent that not only was the respiratory 
response of the same order of magnitude after either 
type of activation, but that it occured at the same 
interval after the application of the activating 
stimulus in each case. Although the rate of O. up- 
take did increase at about the time germination might 
be expected to occur, the increase was not very 
marked, certainly not a doubling. In figure 2-a the 
results of the use of two ineffective concentrations of 
furfural indicated that such stimuli caused practically 
no increase in the respiratory rate of dormant spores. 
The increase in O, uptake shown by the spores 
suspended in 1.2x 10° M furfural is adequately ac- 
counted for as the increase due to the 10% which 
were activated. On the other hand (fig 2-b), there 
was a slight stimulation of the respiratory rate by 
both acetaldehyde and benzaldehyde, though no 
germination occurred in either case. 


Errect oF Spore Ace: It was apparent during the 
many repetitions in the experiments of the previous 
section that the response of spores to an activating 
agent may vary greatly over even a short period of 
time. Some of the variation is certainly due to in- 
adequate experimental methods, but a part is inherent 
in the spore. Age, representing a series of physio- 
logical states, is already known to have an effect on 
the probability of spore germination (5, 2). To 
find the extent to which the age of ascospores might 
affect their response to heat and to chemical acti- 


Curves: 1—control, 2—glucose, 3—glyceraldehyde, 4—benzaldehyde, 5—acetaldehyde, 6—fur- 
Concentrations: furfural 1.2 x 10* M; all others are 24x 10° M. 


vation, collections were made from several crosses and 
carried with frequent tests for a period of 3 to 4 
months. A summary of the results of this series of 
experiments is assembled in table II. Heat activation 
was equally effective for spores from 5 hours to 12 
weeks old. In the only set of spores tested over a 
longer time, the percentage of spores germinating 
declined slightly toward the end of the 18-week 
period. Activation by furfural at a concentration of 
1.2x10¢M approximated that effected by heat 
throughout the 18-week period except that there may 
be a more noticeable effect of age. At a concen- 
tration of 1.2x 10M or less, sensitivity to age was 
shown in very recently shed spores and even more 
strongly after the period of peak response had passed, 
when the percentage germinating declined to a frac- 
tion of that in the first two categories, reaching zero 
with the lowest concentration employed. Never- 
theless 1.2 x 10° M furfural was as effective as heat 
for a period of 2 to 4 weeks. The lowest concentra- 
tion used (2.4x 10M) did not produce the maxi- 
mum germination at any tested age. 

An occasional response indicating an unusual 
degree of sensitivity for apparently a very short 
time only, made it advisable to investigate the effect 
of very weak activators more thoroughly. For this 
purpose, samples of spores from a number of crosses 
were used and exposed to 2.4x 10 M or 12x 10M 
furfural for a period of 16 to 20 hrs, the first tests 
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TABLE II 


PERCENTAGE OF Spores * GERMINATING AT DirFeERENT AGES 


5297a x 5256A (9/23/47) 





* Spores activated on agar medium with or without furfural. Activation treatment by heat—30 min. in 60° € 


5297a x 5256A (10/19/47) 


25a x 1A (11/4/47) 


FURFURAL FURFURAL 

Hat S S&S & Con- Heart S&S S&S 

° TROL > " ’ 

a |g N ¢ a 

_ _ nN - _ “i 

95 ie “aan i Et 2 er 

98 i, lee ts 80 84 82 74 

99 a a ae ot = fi Sits Bel: 

94 98 91 66 0 88 90 80 64 
96 97 8 13 Ke ta ie 
77 93 70 

9 «9 9 «. 0 86 4% 75 10 

97 9 80 16 0 92 91 58 15 

96 92 52 2 

- ge Re ‘y 83 83 64 
98 ae ae 0 75 7% 33 


FURFURAL 
Ace ne 
Con Hut © S&S °& Con- 
TROL ae sa x TROL 
nN Nn b.- 
— om N 
5 hrs i da a a ran 0 
1 day 0 95 ee” SE ak 0 
4 days Ps o x s x 0 
1 week a 88 a Pa a 9 
1 wk 6d 0 100 97 97 
2 wks ns 
2 wks 2d 0 95 a le 
3 wks 1 95 Le ate pS 
4—5 wks 5 82 a. Ae 0 
5-6 wks 3 S4 83 60 20 0 
7 wks 0 94 90 50 
8 wks 0 85 65 44 fot 
9-10 wks 0 78 69 36 l “e 
11-12 wks A? 79 67 2 3% 0 
15-16 wks 0 MM 71 y 
17-18 wks 0 75 57 == 10 
bath. Each percentage based on spore count of 100 to 500, usually 150 to 250 


taking place immediately after the collection of the 
newly shed spores. The results (fig. 3) show that 
there is a short period during the first 2 weeks (in 
these strains) after the spores are shed when very 
low concentrations of furfural are as effective as any 
concentration or as heat in bringing about maximum 
germination. Before and after this period 1.2 x 10° 
M furfural does not provide an effective activating 
stimulus. The responses to two concentrations of 
benzaldehyde over a period of three weeks make it 
seem probable that during the most sensitive period 
all activating stimuli induce unusually strong re- 
actions. This may explain the occasional activation 














elicited by otherwise ineffective such as 
acetaldehyde. 

To test the effect of temperature on this aging 
process, spores were separated after collection into 
two sets one of which was kept at 25° C, the other 
at 35°C. The latter temperature presumably leads 
to a considerably heightened respiratory or meta- 
bolic rate and so perhaps to premature aging and an 
earlier decline in the germination rate. The results 
of these tests (table III) show that the responses of 
spores kept at 35° C are in fact similar to those of 
older spores kept at a lower temperature particularly 
in the accelerated decline in reactivity to furfural. 


agents 
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Fic. 3. The germination response to chemical activators applied during the “ripe” 


3/15 are from crosses between E5256A and E5297a. 


3/15 spores from the cross: 


period. All spores except 
15535a x Z-35-1-8A (pab-less x pab- 


less). Each point is based on a count of 150 to 350 spores. Control germination at time represented by last points 
on curves, measured by response to 1.2 x 10° M furfural: 1/8, 97 %; 


1/12, 90%; 1/26, 96 %. 














TABLE III 


EFrect oF StoraceE TEMPERATURE * 








Percent oF Spores GERMINATING OF FuRFURAL AGAR 
AFTER STORAGE AT 25° AND at 35° C 


1.2x10° M 1.2x10° M 
AGE FURFURAL AGE FURFURAL 

25° 35° 25° 35° 

lday (before 66 70 3days 34 13 
incubation) (80) (87) 

l day 63 hrs S4 87 5days 45 0 
(89) (77) 

6 days 99 76 Riasgi a ry 

2 wks 9S _ CR ee 
(84) 





* Data from two experiments. % based on counts of 
150 to 350. 

In parentheses: % of total germination from furfural 
plus a following heat treatment. 


ReacTIvATION: As Goddard (3, 4) has shown, 
heat activated spores may be returned to the dor- 
mant state before germination occurs by suppressing 
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aerobic respiration. These “deactivated” spores may 
be reactivated a second time, or even several times. 
The percentage of germination was found to be the 
same after reactivation as after the first activation. 
Preliminary results with furfural activation (1) sug- 
gested that chemical reactivation might not occur. 
More extensive experimentation has shown that re- 
activation can be brought about by furfural, but that 
the results do not exactly parallel those obtained by 
heat. 

Respiration after activation is most conveniently 
controlled by the use of cyanide. A 10% M KCN 
solution was found to inhibit up to 86% of the 
respiration of activated spores, a degree of inhibition 
which if sustained resulted in deactivation (Goddard, 
l.c.). Cyanide applied simultaneously with the acti- 
vation treatment does not inhibit the activation 
process itself, since if spores are removed from 
cyanide within a short time, and washed, the per- 
centage of germination is as high as in the complete 
absence of cyanide whether activation is by heat or 
furfural. Several representative experiments on de- 
activation and reactivation are given in table IV. 
Spores were either activated while suspended in KCN, 


TaBLe [V 


REACTIVATION OF ASCOSPORES * 


ACTIVATION ON 


CONDITION 0 
4 REMOVAL FROM 


erenns ox KCN Time IN KCN 


KCN ** By 
0 
28 hrs Heat 
7 ‘ Furfural 
Unactivated 0 
10 days Heat 
Furfural 
Heat activated 2 hrs 0 
in cyanide 
24 hrs 0 
0 
1 week Heat 
Preactivated: 
by heat 6.5 hrs 0 
Heat 
21 =~ hrs 0 
Heat 
Furfural 
by furfural 6.5 hrs 0 
Furfural 
21. ~hrs 0 


Heat 
Furfural 


Yo GERMINATION 


ACTIVATION 24 HRS 4% Gasnermamen 


LATER BY + 
0 
90 
90 
0 
98 
22 
90 
24 Heat 81 
Furfural 92 
6 Heat 62 
Furfural 93 
28 Heat 23 
Furfural 31 
86 
79 
56 Heat 83 
43 v4 44 
88 
0 7 94 
37 29 90 
1 ” 95 
91 
39 = 95 








* Spores in KCN are in 25 ml Erlenmeyer flasks with ground glass stoppers. KCN (0.01 M) made up in Fries 
salt solution, pH 6.5. Spores washed three times on removal from cyanide and after every activation. Activation 
treatments 30 min. Furfural 1.2x10*M. Percentages based on 400-500 spores. One set of spores used in each 
section. . 

** After this treatment spores are plated on blank agar. 

+ For this activation agar plate is divided and 4 is incubated at 60°C. To other half, 1 to 2 ml furfural solu- 

tion is added; consequently there is no time limit, nor exact concentration of furfural in this activation. 
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or were placed in the cyanide solution after acti- 
vation. This latter sequence avoids the irrelevant 
complication of the combined effects of high tempera- 
ture and cyanide, and is the preferred method; but 
there appears to be no marked difference in the re- 
sults whichever course was followed. The results of 
these reactivation tests were quite reproducible, 
though varying in actual magnitude between experi- 
ments and with different sets of spores. 

In considering the results there are several com- 
plications which should be kept in mind. A tem- 
perature of 60°C, for even 15 minutes will kill 
actively growing cells; the concentrations of furfural 
used in activation exert no detectable inhibition. A 
second point arises from the possibility of interaction 
between furfural, as an aldehyde, and KCN with 
formation of furfural cyanohydrin. The apparently 
complete deactivation after even a short time in 
cyanide, of spores previously activated by furfural, 
could be due as much or more to the withdrawal of 
furfural from the activation site by chemical com- 
bination with cyanide, as to the effect of the evanide 
in repressing aerobic oxidation. In either case, the 
spores became dormant again, but the different re- 
sponse they showed to reactivation by heat and by 
furfural might be explained in the latter case by a 
masking of the activation site by the cyanohydrin— 
which though not removed by washing, is destroyed 
or otherwise eliminated by the 60° C temperature of 
heat activation. While such an explanation fits the 
one experimental sequence adequately, it does not 
apply equally well, if at all, to the others; the re- 
sults, however, are parallel in all cases. A final con- 
sideration concerns the degree and speed of pene- 
tration of the compounds in question, particularly 
the different effects of the two temperatures. 

The data show that reactivation by either heat or 
furfural does oceur successfully after original acti- 
vation by either agent, but with several partial ex- 
ceptions. Heat applied before any residual action 
initiated by the first activation has been completed, 
appears to be lethal; spores so treated do not re- 
spond to either type of activation the next day, 
although other classes with a small amount of germi- 
nation do respond with much increased germination. 
This lethal effect was absent, or slight, in the spores 
6.5 hrs in cyanide; nor is it shown in the reactivation 
experiments reported by Goddard. 

Spores originally activated by furfural, then de- 
activated, are only indifferently well reactivated by 
this agent. This relation is particularly evident in the 
experiment in which activation preceded immersion 
in KCN. Here, under entirely similar conditions 
(except for the original activation), reactivation by 
furfural was good after heat, poor after furfural 
activation. This illustrates a difference between the 
two activators which must be considered in any ex- 
planation of activation. A further point shown in 
each experiment is the stimulating effect of heat on 
any subsequent response to furfural. The time in the 
sequence at which heat is applied appears to be of 
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little importance—it may precede or follow cyanide 
poisoning. The depressing effect of cyanide on sub- 
sequent activation by furfural (with no intervention 
of heat) is shown quite markedly by dormant as well 
as by deactivated spores. Here again it does not 
seem likely that there could be a large enough carry- 
over of cyanide throughout washing, to inactivate 
the furfural chemically. 

The reactivation by heat of heat activated spores, 
while much better than the furfural-furfural se- 
quence, is usually considerably short of the maximum 
possible even when immediate, and possibly lethal, 
heat treatment is avoided. This result again does 
not agree with the complete reactivation found by 
Goddard. 


INHIBITORS: A number of analogues of furfural 
and a number of known enzyme poisons were used in 
attempts to inhibit the activation reaction, particu- 
larly in the hope of finding evidence concerning the 
relation of the two types of activation. The usual 
difficulties in interpreting the effects of poisons ap- 
piied in vivo are increased here by the necessity of 
using a high temperature during some part of an 
experiment. A further complication is that the in- 
dicator of activation—the germination of the spore— 
may be inhibited during the period after activation, 
but preceding the appearance of germ tubes. The 
data presented are thought to contain some useful 
and pertinent information as well as many obvious 
uncertainties. , 

The following analogues of furfural were used 
with furfural in proportions of 100 and 1000 to one 
without resulting in any lowering of the rate of 
germination: furan, furoamide, and acetaldehyde; 
and the following poisons were also without appreci- 
able affect: CuSO,-5H,O(10-°M); AgNO, (10° 
M); iodoacetic acid (10-3? M); iodoacetamide (2 » 
10-4 M): and KCN (10°? M) though all but the first 
inhibit the further growth of germ tubes to a greater 
or lesser extent if not removed after activation. 
More extensive tests were made with the furfural 
analogue, 5-nitrofurfural, with  2,4-dinitrophenol, 
NaHSOs,, and NaNz. The results of these tests 
were quite reproducible when care was taken to 
equalize the washing, particularly after presoaking 
the spores in the poison. Because, at the concentra- 
tions used, all of the inhibiting substance could be 
washed out again, the method used (1 to 3 centrif- 
ugations, 15 ml HO) was designed to clean the ex- 
teriors as quickly as possible with a minimum of 
outward diffusion of the poison. 

Several experiments illustrating the affect of 5- 
nitro-furfural, 2,4-dinitrophenol, and NaHSO, on 
activation, are presented in table V. In the presence 
of these compounds heat activation resulted in some 
amount of irreversable inhibition, while furfural 


activation was unaffected except by the stronger con- 
centrations of NaHSO;. When spores were presoaked 
in 5-nitrofurfural or 2,4-dinitrophenol, and washed 
before activation, it is clear that a partial ex- 
planation of this difference is complete lack of pene- 
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INHIBITOR: venpaian, 0 2,4-DINITROPHENOL { NaHSOs7 
Pe  12x10°M *M 10*M  5x10°M 1°M  10°M 0M 
CONCENTRATION USED: pt 8 * Pp Ss P Ss P s P s P Ss P s 
% germination 
Activated by: 
Furfural 30 min 
12x10°*M 97 96 a 84 
12x10*M 
(15 min NaHSO,) 71t 98 63 t 96 4t 9% 33 96 
Heat 
30 min 7577 99 5577t 98 92 * sé sid fen * a He 
15 min om ne OT? 287 0 & 0 93 87 
Heat + furfural 
30 min (15 min 
NaHSO;) 69 *7 0 ott 


5577 100 





* P = inhibitor nieeent Still activation; S = spores presoake ai in s-nitrofurfural and 2,4-dinitrophenol 3 hrs, in 


NaHSO,; $ hr. 
** In aqueous solution, pH 4.5. 


Spores washed 3 times after activation, and 3 times after soaking i in inhibitor, plated cn agar. 


+ In Fries’ salt solution, pH 4.5 for 2,4-dinitrophenol and 5.5 for NaHSOs. 
+t No reactivation or ungerminated spores by either furfural or heat 24 hrs later. 
t Good, or moderately good, reactivation by either heat or furfural. 


tration of either of these substances in the short 
time of the activation treatment, except at the higher 
temperature. The results also suggested that furfural 
activation is more sensitive than heat activation 
which is unaffected in each case by the amount of 
inhibitor present in the spores after 3 hours presoak- 
ing, followed by washing. This inhibition can be re- 
versed by increasing the concentration of furfural 
used to activate; it cannot be reversed when the 
concentration of the inhibitor is appreciably greater 
than 10-°M, no doubt partly because above this 
concentration furfural also entered the inhibitory 
range. 

5-Nitrofurfural is much more toxic to conidial and 
mycelial growth than to the activation of dormant 
ascospores; only a very slight reversal of such in- 
hibition by furfural was achieved in the hyphal 
growth from germinating ascospores. There was no 
reversal of inhibition of conidial growth induced by 
1.2x 10+* M 5-nitro-furfural by 1.2 x 10° M furfural. 
In the presence of sugar these inhibitions are less 
extreme. 

The selection of NaHSO, as a poison was due to 
the hope that an aldehyde reagent might help clarify 
a possible function of the CHO group in activation. 
The results do not rule out this possibility, but can 
be interpreted in too many ways to lend much sup- 
port to it. Loss of activity by furfural in the 
presence of high concentrations of bisulfite is to be 
expected; it could be due entirely to an external 


reaction between the two substances, with the re- 
sulting combined form inactive, or failing to pene- 
trate, or both. Reactivation of spores in this se- 
quence was only fairly good, and better by heat than 
by furfural (86 vs. 72 %; after M/2 NaHSOs). 


This 


‘ 


suggests that though the furfural-bisulphite compound 
is not an activator, it does enter the spore to some 
extent, causing an inhibition which appears to affect 
furfural activation particularly. The concentration of 
bisulphide present in spores after a short presoaking 
does not affect furfural activation but exerts a strong 
and irreversible inhibition of heat activation. The 
degree of inhibition is not affected, or only slightly 
so, by the presence of furfural during heat treatment. 
Unfortunately this possible protective effect was not 
tested against the lower concentrations of NaHSOs. 

The superior penetration undoubtedly accompany- 
ing the 60° C temperature does not seem a sufficient 
reason to account for the irreversible nature of the 
inhibitions produced with heat if activation alone is 
in question. The percentage of spores affected in 
the presence of heat may be no greater than that 
showing reversible furfural inhibition at 25°C. It 
would seem likely that increased penetration of poison 
should inerease the percent inhibited, as well as the 
degree of inhibition. If activation alone is affected, 
there should be some reversible inhibition in each case 
also. Consequently it is considered possible that high 
temperature may make other sites open to attack, 
which otherwise are innert in the dormant spore. 

In table VI are data from two experiments illus- 
trating the effect of sodium azide on the two types 
of activation. Since the inhibitory action of azide 
has been shown to vary directly with the amount of 
undissociated hydrozoie acid present (6), the solutions 
used were pH 6.0 or less. No chemical reaction be- 
tween NaNg and furfural could be demonstrated; in 
any case the molecular concentrations used would 
make a chemical inactivation of azide by furfural 
unlikely. 
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TABLE VI 


Errect or SopiumM Azipe ON ACTIVATION 


Yo SPORES 
GERMINATING 


TIME IN NANs ACTIVATED BY 


EXPER. Con TROL 
Series A * 
Heat 4 89 
1 hr Furfural 86 93 
Heat + furfural 79 
Heat 35 
2 hrs Furfural 73 


Heat + furfural 71 
Activation period 
Series B ** 


15 min Heat OF 100 

30 min Heat 077 ae 

15 min Furfural 89 95 

30 min Furfural 90 ace 

15 min Heat + furfural 60 (buds 100 
only) 

30 min Heat + furfural of wae 


* Series A: Spores suspended in 0.01 M solution of 
NaNy at pH 4.0, then washed once, activated, washed 
three times, and plated on agar. % based on 500 spores. 
Furfural: 12x10*M. Activation time: 15 min. 

** Series B: Spores activated in 0.01 M NaNs in Fries’ 
salt solution at pH 6.0, washed three times, and plated 
on agar. Furfural: 12x10*M. % based on 400 to 700 
spores. 

+ Approximately 50% reactivated by furfural; none 
by heat. 

+t No reactivation by heat; less than 1% by furfural. 

t No reactivation by heat; approximately 20% by 
furfural. 


Activation by furfural is comparatively unaffected 
by NaNg, while heat activation is greatly or com- 
pletely inhibited by this poison. Since the results 
are very much the same whether the spores are pre- 
treated with NaNs and washed before the activating 
treatment, or activated in the presence of NaNs, it 
is evident that this difference is not due to a tem- 
perature effect on permeability. Spores activated by 
heat while simultaneously poisoned by azide, cannot, 
after washing and plating, be reactivated by another 
heat treatment 24 hours later, though they may be 
to some degree reactivated by furfural. When fur- 
fural is present during the first heat activation, the 
spores are protected to a large extent against the 
inhibiting effect of azide. It will be noted that in 
one experiment quoted, only germinal buds result, 
showing that though in at least 60% of the spores 
the germination process had been completed, the 
mycelial metabolism is inhibited. It may well be 
that some of the reduction in the amount of germi- 
nation is due to a stronger inhibition at this other 
physiological site rather than to an interference with 
the activation reaction. This type of inhibition is 
limited to spores heated while suspended in a solu- 
tion of azide—those showing reduced germination 
after presoaking in azide grow in an uninhibited 
fashion if they are able to germinate. Altogether, 


the data suggest that furfural is able to act to cir- 
cumvent poisoning by NaN, with respect to the 
activation reaction, but less successfully or not at all 
with regard to any inhibition induced in the regular 
metabolic cycles. 

Since in the presence of either NaHSO, or NaN, 
the spores may have been responding to the Na’ ion, 
the effect of 0.5 and 0.01 molar NaCl solutions on 
activation by heat was tested. There was no change 
in the percent of germination at either concentration. 

Discussion 

Goddard has suggested that the primary effect of 
heat on the dormant spore may be the reversible 
conversion of some inactive substance to an active 
state, possibly to a precursor of, or directly to, a 
catalytically active substance; this theory continues 
to fit the available data. The simplest explanation 
of chemical activation is that an activator supplied 
externally is identical with, or very like, this active 
substance released within the :pore after heat treat- 
ment, or that it is identical witn or very similar to a 
critical substance of which the heat-released substance 
is a precursor. 

There are, however, differences between the acti- 
vation resulting from heat and that due to externally 
applied chemical agents which must be explained 
before any substantial identity in the two types of 
activation can be assumed; namely, the sensitivity 
shown by chemical activation to spore age as op- 
posed to the comparative independence of age shown 
by heat activation, differences in reactivation, and 
toward some inhibitors. Though the age effect dis- 
cussed here refers mainly to older spores it must be 
remembered that the same discrimination between 
activators is shown by young but ripe spores still in 
the aseal sac, and by freshly shed spores (1). If one 
explanation applies to both age groups then it can- 
not be the accumulation of an inhibiting substance 
during the period of spore dormancy. It is possible, 
however, that the causes in the two cases are different 
so that such an explanation is not ruled out for the 
older spores. The reactions.of.young spores are not 
changed by washing with Purex, which makes it im- 
probable that there is a substance present at the time 
of shedding which prevents too early germination, as 
happens in the case of many seeds. 

A change in the permeability of the spore with 
age would be a satisfactory explanation, but the 
evidence available does not easily fit such an as- 
sumption. The spores used in the respiratory runs 
were two months old and showed an already con- 
siderably reduced amount of germination. This con- 
dition, however, did not prevent a reaction nearly as 
immediate as that after heat activation when fur- 
fural was added from the side arm of the respiratory 
vessel (fig 2-a). 

Other types of substances have been found to 
enter the dormant spore in effective amounts: 
acetaldehyde and pyruvate have also been shown by 
their effect to enter easily, as has H,O, (4, 5). 





a> ee TEE 


ee Soe 














ee 


Ai mc 


serait, eg 











Sussman (8) found that old spores, no longer very 
reactive to furfural, gave maximum results from 
poisoning with furfural analogues as gauged by a 
reduction in the germination rate after heat activa- 
tion. Since the spores were suspended in the in- 
hibiting substances for 6 hours, the latter may have 
entered slowly, but the spores were evidently not 
impermeable to them. These facts make it appear 
very unlikely that the large changes in reaction to a 
20 hour exposure to furfural shown by spores at 
different ages can be due solely or prinfarily to 
changes in permeability. 

If permeability is not a matter of critical impor- 
tance, it is possible that variations with age reflect 
changes within the spore more immediately related 
to the activation reaction. If permeability were the 
main factor, the lowest concentration of furfural, 
i.e., 1.2x 10M which will produce maximum germi- 
nation at the most sensitive time, could be considered 
as the concentration necessary to produce this result 
at any time, considering the activation reaction by 
itself. Instead it appears more probable that the 
spore undergoes a ripening process during which it 
approaches, reaches, and declines from a state of 
optimum efficiency in its response to an activating 
agent; and that it is only during a brief period of 
ripeness that the metabolism is triggered to react 
with maximum effect to a minimum stimulus. While 
it is probable that the internal production of activator 
is always in excess of what is needed to activate the 
spore unless the heat treatment is very short, this 
fact would account only partially for the observed 
differences between the two types of activation since 
increasing the concentration of externally applied 
activator will counteract the effect of age to a certain 
degree only. 

It is possible that the difference between inter- 
nally produced and externally applied activators is 
less real than it appears; that it is due to a secondary 
effect of heat on the metabolism of the spore. This 
critical secondary effect is assumed to be a change in 
some part of the spore metabolism which will result 
in a state closely resembling the “ ripe ” state, though 
less extreme. It is also assumed that this state can be 
brought about by heat over a much longer period of 
time than that during which the natural reactivity 
of the spore remains at a high level. There is no 
direct evidence supporting this theory, but it fits the 
available data. In the experiments with deactivation 
and reactivation, the probable effect of cyanide in 


lowering the general metabolic level may be the main 


explanation for the consequent comparative lack of 
response to furfural of those spores to which no heat 
was applied at any time. This effect is particularly 
noticeable in the case of dormant spores (suspended 
in cyanide for some time before they are activated) 
where it results in a large decrease in the amount of 
germination due to furfural while leaving that due 
to heat unaffected. Further, after an original acti- 
vation by heat the sensitive state so induced pre- 
sumably lasts for some time even in the presence of 
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cyanide since spores so treated are still responsive to 
furfural. From this it follows that it is not primarily 
the heightened respiratory rate accompanying heat 
which is responsible for the resulting “ripe” state. 
This probability is strengthened by a comparison of 
the respiratory rates of dormant spores of different 
ages (4). That of the youngest and most reactive 
age (three weeks) was only 1/2 of the Qo, of spores 
nine weeks old. The critical characteristic of the 
younger spores may, however, be the forty-fold in- 
crease in the respiratory rate they show on activation 
as against the ten-fold increase in the nine weeks old 
spores. 

Some very recent work appears to bear directly 
on this possible secondary effect of heat. Sussman 
(9) has found that quite old spores of Neurospera 
tetrasperma, no longer responsive to furfural, can be 
resensitized by preheating at a less than activating 
temperature. This freshly induced sensitivity may 
last a very short time—a few hours only in 28 month 
old spores—though the respiratory increase resulting 
from the preheating continues at the new higher level 
for a considerably longer time. These results are as 
yet unexplained, and may possibly be unconnected 
with an effect of heat occurring in younger and more 
reactive spores, though the main result—a sharpened 
sensitivity to chemical activators—is the same at each 
age. 
An effect of heat of a possibly similar kind was 
noted by Evans and Curran (2) who found that 
preheating the spores of mesophilic bacteria greatly 
accelerated their germination when they were subse- 
quently incubated on an appropriate medium, though 
it did not increase the number of spores germinating. 
This acceleration was only very slightly reduced by 
an interval of up to a week between the pretreatment 
and incubation. 

Whereas the main course of activation may well 
be the same following either type of activating stimu- 
lus, there seems little doubt that the initial steps are 
different in the two cases. The results of inhibition 
with NaN, show that this poison can prevent the 
initiation of activation by heat, and that this in- 
hibition can be by-passed in the presence of furfural. 
If the role of heat is to convert an inactive substance 
through one or more steps to one having catalytic 
properties, then apparently the azide intervenes at 
some point in this conversion, probably directly, 
though not necessarily so. Again, it seems most 
probable that the role of furfural in lifting the in- 
hibition is to take the place of the heat-produced 
catalyst rather than to reverse the inhibition more 
directly at the point at which it takes effect. 

As a poison azide is known to attack a variety of 
enzymatically controlled reactions, very little can be 
said about the kind of reaction involved here from 
the data available. Since oxygen is unnecessary for 
activation, no direct respiratory inhibition is in ques- 
tion, and in preliminary trials with a respirometer, 
the respiratory inhibition, which does in fact occur in 
the presence of azide, was not relieved by the added 
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presence of furfural. The results from soaking spores 
in azide, with washing before activation, suggest that 
the inhibition is either closely limited to the heat- 
conversion reaction, or, more probable, in view of the 
respiratory effects, that this particular inhibition is 
less easily reversed by washing than others which 
surely take place even in the metabolism of dormant 
spores. 

While the simplest explanation of the facts postu- 
lates a high degree of similarity in form, and conse- 
quently in action, between internally produced and 
externally supplied activator, plus an effect of heat, 
another explanation has not been ruled out. It is 
quite possible that the two types of activating stimuli 
attack the dormant metabolism at different sites, and 
that the observed distinctions follow from this cir- 
cumstance. 


SUMMARY 


1. Compounds able to activate dormant spores, 
in very low concentrations, contain an unsaturated 
ring; the most active have a furan ring. 

2. The age of spores is found to affect differently 
their sensitivity to heat and to chemical activation; 
sensitivity to the latter declines much faster. 

3. At some time within three weeks of shedding 
there is a short period of “ripeness,” or great sensi- 
tivity to furfural and other chemical activators. 


During this period maximum germination is initiated 
by a solution of 0.1 ppm of furfural. 

4. Spores returned to dormancy after activation 
can be reactivated by furfural as well as by heat. It 


is suggested that a secondary (non-activating) effect 
of heat is responsible for the differences in reactiva- 
tion by the two means. 

5. 2,4-dinitrophenol and 5-nitrofurfural appear to 
inhibit activation by furfural to some degree; this 
effect can be partly counteracted by an increase in 
the concentration of furfural employed. 

6. The results of inhibition by sodium sulfite are 
described and discussed with reference to the possi- 
bility that an aldehyde group takes part in the acti- 
vation reaction. 

7. NaNg is found to inhibit activation by heat 
but not by furfural; when heat and furfural treat- 
ments are combined inhibition is much reduced. It 
is suggested that furfural takes the place of an in- 
ternal catalyst produced by heat, whose production is 
irreversibly inhibited by NaN3. 

8. Except for the initial step—i.e., the production 
of a catalyst by heat—, the course of activation is 
thought to be the same following either type of acti- 
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vating stimulus. Apparent differences are inter- 
preted by postulating the induction of a metabolic 
state similar to the naturally occurring “ripe” state 
as an accompaniment of heat activation. 


I wish to express particular thanks to Professor 
A. J. Haagen-Smit for samples of most of the com- 
pounds tested for activity; to Professor James 
Bonner for a sample of 3-acetyl-6-methoxy benzalde- 
hyde, and to the Eaton Laboratories, Norwich, N. Y. 
for the 5-nitrofurfural used in these experiments. 

I am also indebted to Dr. A. 8. Sussman for ac- 
cess to his paper in press, and to several members of 
the staff of the Kerckhoff Biology Laboratories for 
much help and advice. 
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EFFECT OF SCALD ON APPLE SKIN RESPIRATION! 


H. W. SIEGELMAN anv H. A. SCHOMER 


Biotocicat Science BraNcH, AGRICULTURAL MARKETING SERVICE, 
U. S. DeparTMENT oF AGRICULTURE, WENATCHEE, WASHINGTON 


Storage seald of apples is a physiological disorder 
which may occur after the fruit has been held in cold 
storage for several weeks. The principal symptom 
is a browning of the skin which may gradually spread 
to the underlying tissue. The development of brown 
color is greatly accelerated when the fruit is removed 
from cold storage to a higher temperature. Fruit 
that appears to be sound on removal from cold 
storage may be severely scalded after a few days at 
higher temperatures. The incipient stage of scald 
appears as a barely discernible bleached or dulled 
area. The scald injury probably occurs during cold 
storage where the browning reaction is usually slow, 
and does not become noticeable until late in the 
storage season or until the fruit is removed from cold 
storage. 

The respiratory rates of the skin tissue cf normal 
and sealded areas were studied to determine the effect 
of seald of different stages of development on the 
metabolism of the skin. The respiratory enzyme 
systems were examined by measuring the respiration 
of the skin tissue under aerobic and anaerobic con- 
ditions, in the presence of cyanide, on addition of 
boiled apple juice and pyruvate, and in an atmos- 
phere from a commerical apple storage. 


METHODS 


Apples of two maturities were chosen for these 
experiments; Grimes Golden were picked on Septem- 
ber 8 and 22; Delicious and Red Delicious on Sep- 
tember 26 and October 6. Each picking of fruit was 
composited and placed immediately at -0.6°C. 
Severe scald was obtained on the least mature fruit 
when it was transferred to 18° C after 5 to 6 months 
at -0.6° C. The mature fruit of the second pickings 
did not develop scald. The scalded fruit was held 
at 18°C for 7 days prior to placement at -0.6° C 
for subsequent examination. All studies were made 
on the least mature fruit unless material shortage 
necessitated the use of non-scalded skin from the 
second picking (advanced maturity). Preliminary 
experiments showed no marked differences in the 
respiration of normal skin of early- and _ late-har- 
vested apples. 

Respiratory measurements were made at 25° C by 
standard Warburg procedures on triplicate or quad- 
ruplicate samples of tissue. The skin samples were 
obtained by peeling desired portions from several 
fruits and scraping the skin free of cortical tissue 
with a porcelain spatula; the skin was then cut into 
10 to 15 mm squares and composited. Weighed 
amounts of tissue (1 gm fresh weight) were placed 
in the vessels containing 0.05 M phosphate buffer 
adjusted to pH 4.5 unless otherwise indicated. When 
the sodium salt of pyruvic acid was used, the control 
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vessels contained an equivalent amount of sodium 
sulfate. Air was the gaseous environment in the 
aerobic studies. The anaerobic experiments were 
conducted in nitrogen freed of oxygen by passage 
over hot copper. 

The effect of cyanide on oxygen uptake was 
measured by using the center well solutions of Laties 
(2). The effect of the addition of apple juice was 
examined by comparing respiration of skin tissue in 
0.05 M phosphate buffer at a pH of 4.5 and in an 
apple juice preparation which was made by blending 
apple flesh tissue in the cold to a thick slurry with 
distilled water. The slurry was transferred to a 
boiling water bath for 10 minutes, filtered, centri- 
fuged, and made to 0.05 M phosphate concentration 
and the pH was adjusted with sodium hydroxide to 
4.5. Studies on the effect of apple volatiles were 
made by gassing the vessels with air taken from a 
large commercial storage. The storage air was col- 


lected and the concentrations of volatiles and ethylene 
in the sample were determined by procedures given 
by Sainsbury and Gerhardt (3). 


RESULTS 


All results are reported as follows: pl O. per gm 
FW per hr (air); pl CO, per gm FW per hr (air); 
pl CO. per gm FW per hr (Nz); and respiratory 
quotient, RQ. The maximum percentage variability 
of the means of the samples was generally 5 %. 

No marked effect on oxygen consumption oc- 
curred in buffers adjusted to pH values of 4.5 to 7.5. 
All further studies were conducted at pH 4.5 to avoid 
binding of carbon dioxide by the buffer. 

It is commonly believed that volatile substances 
produced by apples are toxic to the skin tissue and 
are the causative agent of scald. To determine the 
effect of the volatiles in a storage atmosphere on the 
respiration of the skin, a large sample of air from a 
commercial apple storage room was collected and 
used as the gaseous environment. The fruit volatiles 
in this air sample were as follows: ethylene, .05 mg 
per |; non-ethylenic volatiles, sufficient to reduce 
46 mg Ce(SO,4)o per 1. These concentrations were 
extremely high for a commercial apple storage at- 
mosphere in the Wenatchee area. The oxygen uptake 
in air and in apple storage air was 129 and 131 yl 
O. per gm FW per hr respectively. 

Incipient scald is the first visible indication of the 
disorder. When it became apparent on Grimes 
Golden apples, the oxygen uptakes of incipient- 
scalded and normal skin were compared. From the 
values shown in table I, it can be seen that there was 
a marked reduction in the oxygen uptake of the 
incipient scalded skin compared with that of normal 
skin. 

An attempt was made to follow the course of 
respiration as scald developed. Because of the wide 
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TABLE I 


Errect or INciPrent AND SEverE SCALD ON THE RESPIRA- 
TION OF Grimes GOLDEN ApPLe SKIN 
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ul gas exchange/gm FW x hr 





Incipient scald 
Reduction by incipient 
scald % 


Severe scald 
Reduction by severe 


variability in intensity of the seald on different sam- 
ples, however, results were inconclusive. The effect 
of severe scald on the metabolism ef the skin was 
examined by measuring oxygen consumption and 
carbon dioxide production in air and carbon dioxide 
production in nitrogen of normal and scalded skin 
tissue. The results of these experiments are shown in 
table I. There were marked reductions of the same 
order for all respiratory measurements of the scalded 
skin tissue. The RQ was greater than unity for both 
normal and scalded skin. The previous studies on 
the respiration of apple skin revealed an RQ greater 
than unity for normal and scalded skin. This sug- 
gested the presence of active carboxylases in the skin 
tissue which were probably decarboxylating the or- 
ganic acids from the crushed cortical cells of the skin 
slices. Pyruvic carboxylase is widely distributed in 
tissues of higher plants according to Vennesland and 
Conn (5). Suspension of the skin tissue in boiled 
apple juice made available a higher concentration of 
crushed cell constituents to the tissue slices. The 
addition of boiled apple juice to the skin slices did 
not influence the oxygen uptake, but it did cause a 
58 % and a 39% increase of the CO, production of 
the non-sealded and scalded skins, respectively 
(table II). The percentage reduction of the oxygen 
uptake and the carbon dioxide production with scald 


TaBLe II 


Errect or Borrep Appre Juice ON THE RESPIRATION OF 


NorMAL AND Severety Scatpep GRIMES 
Gotpen Apple SKIN 


BOILED APPLE JUICE 


Con TROL 


Co, 


CO: 
PRO- 
DUC- 
TION 


TIssuE O- 


ul gas exchange/gm FW x hr 

Normal 168 16 102 265 

Scalded 80 14 62 111 
Reduction by 

seald % .. . 52 a 39 58 


TABLE III 


Errect or PyruvATE ON THE RESPIRATION OF NORMAL AND 
Severety ScAtpep GriMes GOLDEN APPLE SKIN 
Con TROL 0.03 M PYRUVATE 


0. Co. 


22. ae 


DUC- 
TAKE TION 


CO: 
PRO- 


TISSUE 


ul gas-exchange/gm FW x hr 


Normal 179 15 102 234 23 
Scalded 55 1.1 46 89 19 
Reduction with 

scald % .... 58 69 ~ 55 62 


remained similar in the presence and absence of 
boiled apple juice. 

Since boiled apple juice contains several organic 
acids, the effect of one specific organic acid was 
examined. The tissue slices were suspended in 0.03 M 
sodium pyruvate. The results, shown in table III, 
are in essential agreement with those obtained with 
boiled apple juice, indicating a non-oxidative de- 
carboxylation of pyruvate. An increase of 31 and 
62% in CO, production occurred in normal and 
scalded tissue respectively in the presence of pyru- 
vate. Oxygen uptake was reduced 16% in normal 
tissue and 10 % in scalded tissue by pyruvate. 

The effect of the scald reaction of apple skin 
tissue on the participation of heavy metal enzymes 
was investigated by the use of cyanide. The oxygen 
consumption of normal and scalded areas of apple 
skin was inhibited 60% by 5x10°M cyanide as 
shown in table IV. Although the oxygen consump- 
tion of the scalded tissue was 43 % less than that of 
the normal skin, the percentage inhibition of oxygen 
uptake by cyanide was the same for normal and 
scalded areas, indicating that scald had no specific 
effect on heavy metal enzymes. 

DISCUSSION 

The changes in skin metabolism caused by scald 
were examined by comparison of the respiration of 
normal and scalded tissue. The oxygen uptake and 
carbon dioxide production of the skin tissue are 
brought about by enzyme systems composed of 
several enzymes. Methods used to separate the 
activity of these enzyme systems were the measure- 


TABLE IV 


Errect or CYANIDE ON THE OXYGEN UPTAKE OF NORMAL 
AND SEVERELY Scatpep Dexicious APPLE SKIN 


- -s IN HIBITION 
$x M BY CYANIDE 
CYANIDE rs 

/€ 


TISSUE Con TROL 
ul O. uptake/gm FW x hr 


48 60 
Scalded i}! 27 61 





SIEGELMAN AND SCHOMER—SCALD ON RESPIRATION 


ment of oxygen uptake and carbon dioxide production 
in air, carbon dioxide production in nitrogen, oxygen 
uptake in the presence of cyanide, and the effect of 
added substrates on oxygen uptake and carbon 
dioxide production. By these methods, the de- 
struction or inactivation of the respiratory mecha- 
nism in scalded apple tissue can be localized to an 
enzyme system. 

Two possible explanations for the reduction in 
respiration by scald are: (1) The metabolism of all 
the cells of the skin tissue has been reduced or (2) 
a portion of the cells are no longer functional and 
do not ¢ontribute to the respiration of the tissue. 
The values obtained indicate that scald affected all 
the systems similarly, as there was no evidence that 
any particular system was inactivated in scalded 
tissue. Rather there was a general reduction in all 
respiratory pathways. From the evidence presented, 
it is likely that a portion of the cells are no longer 
functional and are probably dead. 

There is a relation between the severity of scald 
and the reduction of skin respiration. The oxygen 
uptake values for incipient and severely scalded 
tissue suggest a progressive reduction in skin respira- 
tion as scald develops. 

The volatiles of the apples in a storage atmosphere 
had no effect on the oxygen uptake of the skin of 
early maturity Red Delicious apples. Thompson 
and Huelin (4) found that the ester production of 
early-picked fruit, most susceptible to scald, was 
lower than that of late-picked fruit. They also 
mentioned that experiments with synthetic esters did 
not provide evidence that the volatile esters were 
directly concerned with scald. Gerhardt, Sainsbury, 
and Siegelman (1) and other workers showed that 
scald cannot be controlled by lowering the volatile 
content of the storage room air with activated or 
brominated carbon. The generally accepted role of 
volatiles as the cause of scald has still not been con- 
clusively proved. 

Boiled apple juice and sodium pyruvate markedly 
stimulated CO, production. The boiled apple juice 
had no effect on O, uptake and the pyruvate caused 
a slight reduction. These results were very similar 
for normal and scalded skin tissue. The role of 
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organic acids in the metabolism of the skin tissue is 
largely unknown. 


SUMMARY 


The respiration of normal and scalded apple skin 
was compared. The volatiles in the atmosphere of a 
commercial apple storage had no effect on the oxygen 
uptake of the skin tissue. Severely scalded skin had 
a reduced oxygen consumption and carbon dioxide 
production in air and in nitrogen (anaerobic con- 
ditions). The percent reduction of oxygen con- 
sumption and carbon dioxide production of the 
scalded tissue was similar in the absence of added 
substrate and in the presence of boiled apple juice 
and pyruvate. Carbon dioxide production of the 
skin tissue was considerably increased in the presence 
of boiled apple juice and pyruvate. Oxygen con- 
sumption was not affected by boiled apple juice but 
was reduced slightly by pyruvate. The percentage 
inhibition of oxygen consumption by cyanide was the 
same for normal and scalded skin tissue. The nature 
of the reduction in respiration by scald was of a 
quantitative rather than a qualitative nature in- 
dicating that a portion of the cells are no longer 
functional and are presumably dead. The cells still 
functioning appear to have the same respiratory be- 
havior as normal cells. 
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A STUDY OF CHLOROPHYLL IN A WHITE MUTANT STRAIN 
OF HELIANTHUS ANNUUS! 


R. H. WALLACE anp A. E. SCHWARTING 


DEPARTMENT OF BoTANY AND DIVISION oF PHARMACOGNOSY, UNIVERSITY oF CONNECTICUT, 
Storrs, CONNECTICUT 


In a previous publication (1) evidence was given 
that ultrasonic vibrations affect genetic factors in 
seedlings of Helianthus annuus, var. Giant Russian. 
One of the most interesting of the phenotypic modi- 
fications observed was variation in the pigmentation 


1 Received January 15, 1954. 


of the treated parents and, often, of their offspring. 
The plumule of the P, plant which produced the 
mutants was treated, as a 2-day-old seedling, with 
ultrasonic vibrations. It subsequently grew to ma- 
turity in the greenhouse, v ith no apparent abnormal- 
ities, and the F, generatiou in like manner seemed 
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to be an unmodified huge plant. In the F, genera- 
tion, however, 6 plants in a row of 8 gave offspring 
which were bright yellow and contained little or no 
chlorophyll when grown as seedlings in the green- 
house or field. This chlorophyll-deficient strain con- 
tinued to produce only this yellow mutant until the 
F;, where, in a row of 27 plants, one plant gave only 
pearly white mutants instead of the characteristic 
yellow ones for the rest of the row. This second 
mutant strain has now been carried through three 
generations, breeding as a perfect single factor reces- 
sive. Comprehensive tests of these white seedlings 
indicate that they are totally lacking in carotenoids, 
but do contain flavanoid pigments. The analyses of 
these pigments, together with genetic data taken 
through eight generations, the physiological char- 
acteristics, and the methods of grafting will comprise 
a series of papers on these yellow and white mutant 
strains. 

Even in the earliest tests of these white mutant 
seedlings a green color was occasionally observed. 
This was particularly true of those portions of coty- 
ledons covered with the old pericarp (seed coat). 
These areas were often bright blue-green which 
would soon fade to a “dirty” white on exposure to 
strong light. This white mutant strain has been 
grafted as a day old seedling on normal green stock, 
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and has produced fine large scions with snow white 
leaves, stems and flowers. It sets seed to its own 
pollen which is also white, and produces sc- ‘lings all 
of which are white. On out crossing to its green sib 
it produces green plants. 

This mutant shows apparently normal photo- 
tropic ? and geotropic responses, whether as a scion 
in grafted stock or as a seedling, and appears vigor- 
ous and normal in other respects. In its heterozy- 
gous form it is a vigorous, huge, Giant Russian Sun- 
flower which when grown in the field, gives nearly 
perfect single factor recessive ratios (24.8 % in popu- 
lation of 9909). The one outstanding characteristic 
which so far correlates with its lack of carotenoids is 
the total absence of dormancy. The seeds produc- 
ing these white seedlings will germinate directly in 
the unshelled head if put under suitable conditions. 


GENERAL TECHNIQUES AND QUALITATIVE 
RESULTS 
Preliminary qualitative experiments demonstrated 
that the green areas mentioned above contained 
chlorophyll. Spectrophotometric examination showed 


2 Quantitative studies on the light response of this 
white mutant are being made in another laboratory. 


TABLE I 


Tue Errect or Licut INTENSITY oN CoLor or THE WuHiTe MuTANT AND Its GREEN SIB 


No. OF SEEDLINGS 





COLOR OF SEEDLING AFTER 24 HOURS 


_ OR as WHITE MUTANT GREEN 8IB 
NO. sateen ttenided GREEN Wuite ——__— 
Coor CoLor PLATE ** Coror COoLor PLATE ** 
1000 fe 22 7 ee a ee Dark green __....... 
1 100 fe 26 8 ” ant bags ores cf eae Seens 5, SCPE 5 
10 fe 23 6 Jee See lly in Lah aphlt a 
5 fe 15 11 pm TORE a eagle kak em a Oe 
10 fe 34 8 ete eee ae ee 
2 . S 23 ll Almost white _........ 6 On | dath teak 
25 fe 27 4 Quite green din... Light green _........ 
1.2 fe 23 12 SCG adhere we watt phith cota tt Sy 
12 fe 44 16 Deo. Tt eae é Pe PP, “re 
05 fe 46 16 Very green 17-D-8 Light yellow 
green 18-K-6 
3 0.24 fe 42 15 17-D-6 Light green 
yellow 20-L -7 
0.12 fe 51 14 17-D-7 Light green 
yellow 17-K-4 
4 0.05 fe 38 14 * yo 17-E-6 Yellow 18-L-1 
5 0.025 fe 36 10 Light green 18-C-3 " 18-L-1 
6 0.012 fe 29 6 Faintly “ 18-B-2 " 18-L-1 
o 7 Slight green 
7 0.006 fe 29 7 tint 17-B-2 18-L-1 
s 0.002 fe 28 \ Slight trace 
of green 17-A-2 ” 17-J-1 
pe ee ee te ee 534 173 


* Mazda bulbs used and light intensity measured in situ with a Macbeth illuminometer. A 5-watt bulb at a 
distance of 5 feet gives about 0.5 fe. 
** Figures refer to plates in Maerz and Paul Dictionary of Color. 
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TABLe II 
CuHLoropHytt, ConTeNT or Wuire Mutant at Certain INTENSITIES or LIGHT 





CHLOROPHYLL MG/KG FRESH WEIGHT 





WHITE MUTANT 

















Foor ; 
CANDLE roe den 7 2 EE > emanmnstios i 
Proto- a b Torar Proto- a b Torar 
10 47 428 12.1 59.6 6.7 78.5 15.1 1003. 
05 14 746 16.1 92.1 3.2 79.5 18.0 100.7 
0.25 12 32.7 75 414 65 53.9 89 69.3 
0.125 ays Ae el ae 








that protochlorophyll, chlorophyll a and chlorophyll 
b were present. A comprehensive series of tests was 
run with seedlings germinated in the dark and then 
exposed to light intensities ranging from 0.002 to 
1,000 fe. The light intensity was measured in situ 
with a Macbeth illuminometer. In order to measure 
the lowest intensities in this series, it was necessary 
for the observer to remain in total darkness 15 to 30 
minutes to develop the necessary visual acuity. As 
can be seen in table I, the production of piginent fol- 
lows closely the light intensity, being maximum be- 
tween 0.25 and 0.5 fe. With intensities greater than 
0.5 fe, the plants become progressively more white, 
until, at 10 fe and above, they are pure white. In 
like manner with light intensities of less than 0.25 
fe the plants become progressively lighter green to 
the end of the series. The color at the end of 24 
hours was matched against standard color plates (2) 
and is recorded in table I. 

While no comprehensive tests have been made 
with narrow spectral bands, simple tests showed 
chlorophyll production in the blue, yellow, green, and 
red segments of the spectrum, when suitable intensi- 
ties were used. As noted above the chlorophyll fades 
out in strong light. When once this fading has taken 
place, the capacity for further chlorophyll formation 
is lost. 

An attempt was made to obtain green leafed 
scions by exposing mutant seedlings to the light in- 
tensities which gave coloration to cotyledons. An 
opaque cylinder 2 feet long with a filter closing the 
upper end was placed over the grafted seedling, with 
a light-tight seal at the base. The cotyledons be- 
came green, but the first internode was 14 inches 
long with two tiny green secondary leaves. Extreme 
etiolation had occurred. Frequently, however, in 
these studies bright green plumules have developed, 
indicating that the factor for chlorophyll production 
is the same in the primary and secondary leaves. No 
specific test has yet been made on the length of time 
the green seedlings of the white mutant can remain 
alive. However, in a number of cases, these plants 
have remained green 3 weeks in weak diffuse light. 

For the quantitative study of the relation of chlo- 
rophyll production to light intensity, seeds were 
planted in sand at a uniform depth and germinated 
in the dark. Pots with these seedlings about 1 inch 
tall were placed on turntables inclined at an angle of 
15 degrees to a Mazda bulb. Four turntables were 
spaced at such distances as to give 0.125, 0.25, 0.5 


5.9 48.8 10.8 65.5 





and 1.0 fe of light from this single light source. A 
similar series of dark-grown seedlings was grown for 
48 hours at 0.5 fe to get maximum chlorophyll ac- 
cumulation. These green (white mutant) seedlings 
were then exposed to bright, diffused natural light or 
to Mazda bulb illumination of 250 fe to observe 
bleaching or chlorophyll destruction. All green sibs 
were removed in order to prevent their shading of 
the experimental plants. The culture rooms re- 
mained between 20 and 21°C, with a humidity of 
about 90 %. 

For making a specific test of protochlorophyll 
production the cotyledons were pinched off at their 
base, in total darkness. Later in the season it was 
possible to obtain only white seedlings, by plant’ g 
freshly harvested seeds in which the green sibs were 
still dormant. 

One to 6 pairs of cotyledons constituted a sample. 
The cotyledons pinched off at their base were 
dropped into tared weighing bottles containing ace- 
tone. Immediate weighing, extraction, and spectro- 
photometric analysis of the chlorophylls was con- 
ducted according to the method of Koski (3). 


QUANTITATIVE RESULTS AND CONCLUSIONS 


In the present section quantitative determina- 
tions of the chlorophyll concentrations for various 
conditions are given. In table II, the first of these, 


TABLE III 


CHLOROPHYLL CONTENT oF CoTYLEDONS oF WHITE MuTANT 
AFTER Exposure 10 0.5 rc For Various TIMES 














: CHLOROPHYLL : 
= - MG/KG FRESH WEIGHT PERCENT 
HOURS ProTO- a b Torar Proro- a b 
0.0 8.5 00 00 85 100 00 00 
0.25 7.3 13 00 86 49 151 00 
0.5 44 22 06 7.2 61.1 306 83 
1.0 3.3 59 14 106 31.1 55.7 13.2 
2 23 79 15 WT 19.7 675 128 
4 16 112 17 145 110 772 117 
S 15 22 54 @. 50 771 179 
12 12 541 111 664 18 815 16.7 
24 14 74.7 161 922 15 810 175 
36 2.1 768 163 95.2 22 807 17.1 
48 3.2 79.5 180 1007 . 32 789 179 
72 49 853 17.1 1073 46 795 159 
96 43 393 83 519 83 75.7 160 
0.7 2930 63 360 19 806 175 








* 
i 
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TaBLe IV 


CHLOROPHYLL DestTRUCTION IN GREEN * (WHITE MuTAnT) 
Cory.epons or Seepitines at Hicu Licut INTENSITIES 








CHLOROPHYLL 
MG/KG FRESH WEIGHT 


Proro- a 


TIMBIN 
HOURS 


Foor 
CANDLES 





0.0 76.3 18.2 
704 84 
65.1 83 
278 8638 


a 
7000 05 
9000 1.0 

12000 2.0 


* 48 hours exposure to 0.5 fe. 
** Initial intensity, light intensity increased during 
duration of the experiment. 


the relationship is given between a range of light in- 
tensities from 0.25 to 1 fe, and the amounts of proto- 
chlorophyll, chlorophyll a and chlorophyll b pro- 
duced after exposures of 24 and 48 hours respec- 
tively. It will be noted in table I that the maximum 
production of color occurred at 0.5 fe and reference 
to table II shows that, here also, the maximum 
quantity of chlorophyll a and chlorophyll b for both 
24 and 48 hours occurred at this same intensity. 

Chlorophyll production and accumulation after a 
prolonged exposure to 0.5 fe was next made. These 
data are given in table III. Here a wide series of 
times, from 15 minutes to 120 hours are given. 
When first removed from the dark, the protochloro- 
phyll content was 8.5 mg per kg of fresh weight and 
dropped progressively as the chlorophylls a and b 
rose. It reached a minimum of 1.2 mg per kg at the 
end of 12 hours, after which it again rose, to drop 
suddenly after 96 hours. Since the total chlorophyll 
content at the end of 24 hours was 92.0 mg there 
must have been at least an equivalent amount of 
protochlorophyll produced in this short time. The 
peak for chlorophyll a was reached only after 72 
hours, while the peak for b was attained 24 hours 
earlier. The total chlorophyll at the end of 48 hours 
was 100.8 mg per kg of green material. This com- 
pares to about 50 % that for a green sib under simi- 
lar conditions. From these and other data obtained 
at 0.5 fe it would seem that there is from half to 
two-thirds as much chlorophyll in the white mutant 
as in the green sib in weak light. 

The next series of quantitative tests involved the 
destruction of the chlorophylls by strong light. In 
this series a quantity of dark-grown plants was ex- 
posed for 48 hours to 0.5 fe of light to obtain a high 
concentration of the pigments. In the first of these 
tests on fading, very strong diffuse light was used. 
The plants were exposed outdoors to north light in a 
location with white walls a few feet away on the 
south and west. During the first half-hour the clear 
blue sky changed to a high white haze, which in- 
creased in brightness progressively to the end of the 
two hour period. This, together with the increased 
angle of the sun, enhancing the reflection of the west 
white wall, resulted in a maximum light intensity at 
the end of the 2-hour period of 12,000 fe. Proto- 
chlorophyll and chlorophyll b dropped more rapidly 


in this series than does chlorophyll a, as can be seen 
in table IV. At the end of the 2-hour exposure pe- 
riod visual inspection indicated that little or no chlo- 
rophyll remained, since the cotyledons had assumed 
a tan color. Examination of table IV, however, shows 
that this conclusion was quite erroneous, there being 
almost one-tliird of the original pigmentation left. 
This visual error was due to the filter action of the 
outer layers of tissue. In later tests cross sections of 
such faded cotyledons showed areas still green near 
their centers. It is possible that some error for the 
values for chlorophylls a and b, in this type of study 
may be present, for no determination has been made 
on the decomposition products, and some of these 
may well affect our data (tables III, IV, V). 

A second test on the destruction of chlorophyll 
pigments by light was run in the culture rooms at a 
temperature of 20 to 21° C in Mazda light of 250 fe. 
In this series the times ranged from 15 minutes to 16 
hours. Protochlorophyll shows a consistent drop 
throughout the period of exposure, as does also chlo- 
rophyil b. Chlorophyll a, on the other hand, shows 
a marked increase from 61 mg, at the beginning, to 
88 mg rer kg at the end of 2 hours. This earlier 
drop in concentration of protochlorophyll and chlo- 
rophyll b as contrasted to chlorophyll a seems to be 
characteristic, for it has been found also in a num- 
ber of cases not given here. Even after 16 hours, 
again, more than one-third of the original pigment 
remained, primarily owing to chlorophyll a and its 
lesser rate of deterioration. These data would indi- 
cate that possibly protochlorophyll is most suscepti- 
ble to destruction and, if it is a precursor for chloro- 
phylls a and b, would result in their eventual 
disappearance. 

Dark-grown mutant seedlings when exposed for 
short periods of time to strong light lose their capac- 
ity for production of chlorophyll even on subsequent 
exposure which would otherwise give maximum 
In preliminary tests on a series of dark- 
grown seedlings exposed from 0.5 to 60 minutes to 
2000 fe from a Mazda bulb no pigment subsequently 
appeared in the longer exposures. The plants in the 
shorter exposures turned green, and showed appreci- 
able amounts of chlorophyll a and b. The 0.5 min- 


coloration. 


TABLE V 
CHLOROPHYLL FoRMATION AND DETERIORATION IN GREEN * 
(Mutant) Cory.epons or SEEDLINGS AT 250 Fc 
ILLU MINATION 


TIME IN 
HOURS 


CHLOROPHYLL MG/KG FRESH WEIGHT 


Toray 


80.4 
81.7 
82.9 
914 
100.6 
86.8 
43.8 
19.8 


Proto- a b 


13.2 


AOhNK OOS 
ia) 
Sor 


—_ 


* 48 hours exposure to 0.5 fe. 
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ute plants contained protochlorophyll but none of 
this pigment was found in the longer exposures. It 
would seem from these and other data of like nature 
that either the precursors of protochlorophyll or the 
mechanism for producing protochlorophyll had been 
destroyed. Further extensive tests on this specific 
problem are contemplated, as is also, the quantita- 
tive transformation of the protochlorophyll into a 
and b. 

Table VI shows the comparative amount of chlo- 
rophyll pigments in the cotyledons of the white mu- 
tant and green sib. These data on the white mutant 
are taken from tables III, IV, and V, and show the 
quantity of chlorophyll developed after 48 hours in a 
light intensity of 0.5 fe. The percent of protochloro- 
phyll, chlorophyll a and chlorophyll b agree quite 
closely in these tests, and when added give percent- 
ages of 5.2, 77.4 and 17.2, respectively. The green 
sib grown under these same conditions gave 7, 76, 
and 16 percent, respectively. This close agreement 
particularly for chlorophylls a and b in the mutant 
and the sib indicates that there is little or no genetic 
difference between them with respect to ratios. Re- 
examination of table III shows that these ratios in 
the white mutant hold throughout an exposure pe- 
riod of 2 to 120 hours. When, however, the total 
pigment contents are compared, it is obvious that 
the white mutant has only about one-half the pig- 
ment concentration of the green sib. Here would 
seem to be a definite hereditary difference. On all 
tests that we have run the white mutant seedlings 
have from one-half to two-thirds the pigment con- 
tent of the normal green seedling. 

Table VII shows the protochlorophyll production 
in total darkness. The first test tabulated here was 
difficult to make. The plants were grown, collected 
and killed in wtal darkness, as already mentioned 
above. Mere chance dictated the number of white 
mutants, and seven collections using 60 tared weigh- 
ing bottles were necessary before the 12 mutant seed- 
lings were obtained. In the other two tests, how- 
ever, seeds freshly harvested, and hence with their 
sibs dormant, were used, so that the collection was 
simple. The data in this table show that the age of 
the seedling determines to a great extent the amount 
of the protochlorophyll present, and variation in this 


TaBLe VI 


CHLOROPHYLL CONTENT oF COTYLEDONS OF SEEDLING OF 
Wuitp Mutant AND GREEN Sip 


CHLOROPHYLL 
MG/KG FRESH WEIGHT 


PERCENT 


ProTo- a b Torat Proro- a 


100.6 32 789 
97.0 26 78.7 
80.4 72 


32 794 
25 763 
58 614 


18.0 
18.2 
13.2 


White 
mutant 


724 165 92.7 .. ma 


Average 38 


13.8 


Green sib 29.4 185.7 7.3 


142.5 


* 48 hours exposure to 0.5 fe. 
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TABLE VII 


Size oF SEEDLING AND PROTOCHLOROPHYLL CONTENT OF 
Dark Grown Seepiinc CoryLepons 








PROTOCHLOROPHYLL 
MG/KG FRESH 
WEIGHT 


SIzE oF No. or 
SEEDLING COTYLEDONS 
2.5 cm tall 24 112 
2.55 em tall 36 88 
Just emerg- 

ing 16 41 
Green sib 2.5 cm tall 12 


White 


mutant 


factor probably explains variations in this pigment 
in the different tables. The pigment is produced in 
quantity in total darkness. A test of 10 gm of dry 
embryos from seeds showed no _protochlorophy!l 
present prior to germination. 

These studies on the chlorophyll content of coty- 
ledons (primary leaves) of the white mutant strain 
of sunflower parallel in part the work of Kosi et al 
(4) on leaves of a mutant strain of corn. However, 
apparently no test was made to determine the opti- 
mum light intensity for chlorophyll production, and 
the light intensity of 150 fe which was used is three 
hundred fold that which gives optimum pigmenta- 
tion in our studies. Although the initial protochloro- 
phyll contents are 8.5 and 3.15 mg/kg for sunflower 
and corn, respectively, the maximum total pigment 
accumulation which Koski et al report is about one- 
fiftieth of our values. The absence of chlorophyll b 
in their tests might be associated with light intensity 
and exposure time. Reference to table III shows 
that a 15 minute exposure to 0.5 fe was sufficient to 
produce chlorophyll a, but no chlorophyll b was ob- 
served, while a 30 min exposure showed the presence 
of both. 

The white mutant sunflower seems to offer several 
advantages over the white mutant corn for chloro- 
phyll and other studies. Unlimited quantities of 
seed can be obtained by field planting. Pigment 
concentrations many-fold that of the mutant corn 
can be produced in very low light intensities. In ad- 
dition, the plants can be grafted and grown to ma- 
turity. The total absence of carotenoids, to be pre- 
sented fully in a later paper, should enable tests on 
the possible function of carotenoids in photosynthe- 
sis. The dormancy phenomenon, utilized above, can 
be prolonged. A paper presenting this information 
is in preparation. The yellow mutant strain, men- 
tioned in the introduction, which does contain carote- 
noids, presents a parallel series in these tests on 
photosynthesis. Seeds for growing experimental 
stock will be sent free to those desiring them. (One 
large head will produce 1500-2000 seeds.) 


SUMMARY 


One of the P, seedlings of Helianthus annuus 
treated in 1948 to ultrasonic vibrations gave a yellow 
mutant in Fs, and later, in F;, produced a second 
mutant which was pearl white. Both breed perfectly 
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and the latter especially gives an almost perfect 
single recessive ratio when grown in the field. 

This paper deals primarily with the white mu- 
tant. Extensive tests show this white strain to be 
devoid of carotenoids, but nevertheless it is a vigor- 
ous seedling, grafts freely, and as a scion sets seed 
to its own pollen. The seedling reacts to gravity 
and light, and under suitable conditions produces 
one-half to two-thirds as much protochlorophyll, 
chlorophyll a and chlorophyll b, as do seedlings of 
its green sib under like conditions. The ratios of 
these three pigments is stable over a wide range of 
conditions. 

A wide range of studies on light intensities and 
exposure time show maximum pigment production 
within 72 hours at 0.5 fe of light. 

Protochlorophyll is formed in both light and 
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darkness, but varies somewhat with the age of the 
seedlings. 

Long exposures from 2 to 16 hours to light in- 
tensities of 250 to 2000 fe cause severe fading. Pre- 
liminary tests show that if dark-grown seedlings are 
exposed to sufficiently strong light, their capacity to 
produce chlorophyll is destroyed. 
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THE DARK FIXATION OF CARBON DIOXIDE AS A FACTOR 
IN PHOTOPERIODISM ':? 


RUBLE LANGSTON anp A. C. LEOPOLD 
AGRICULTURAL EXPERIMENT STATION, LAFAYETTE, INDIANA 


It has been shown that long dark periods are 
essential for floral induction of short day plants (6) 
and are prohibitory of induction of long day plants 
(4). Therefore, some reaction or reactions which 
occur in the absence of light are specifically involved 
in photoperiodic induction. The observation that 
biotin and pantothenic acid contents of leaves were 
altered by photoperiodic induction (8) suggested the 
possibility that the dark fixation of CO, might be 
related to photoperiodic phenomena in plants. 

The present paper represents a study of the pos- 
sible relationships existing between the dark fixation 
of CO. and photo-induction in some long and short 
day plants. 


MATERIALS AND METHODS 


The plants used in these studies include one long 
day species, Wintex barley, and two short day species, 
Biloxi soybean and cocklebur (Xanthium commune 
Britton). These plants were grown in the greenhouse 
under non-inductive daylengths until each experiment 
was conducted. Long and short days consisted of 
daylengths of 18 and 9 hour durations respectively. 

For experiments concerning CO,-free atmos- 
pheres, potted plants were placed in 20-liter large 
mouth bottles which were sealed at the start of each 
dark period. Carbon dioxide-free conditions were 
made possible by the use of a circulating air pump 
which continuously circulated the atmosphere sur- 
rounding the plants through solutions of sodium hy- 
droxide. Barium hydroxide turbidity tests showed 
that all detachable CO, had been removed after a 


1 Received January 21, 1954. 
2 Journal Paper No. 797. Agricultural Experiment 
Station, Lafayette, Indiana. 


period of five minutes. Such treatment not only es- 
sentially removed the existing CO, in the air but 
also lowered the partial pressure to such an extent 
that respiratory CO, was presumed to be rapidly re- 
moved. Circulation through a water solution was 
utilized for the control treatment. The air circula- 
tion was started 30 minutes before commencement of 
each dark period. While such conditions may have 
led to a certain amount of photo-oxidation in the 
foliage in the light, its effects did not alter the 
photoperiodic response of the barley plants (table I), 
a fact which suggests that the photoperiodic function 
was not seriously altered by such photo-oxidations. 
At the end of each dark period the plants were re- 
moved from the bottles and placed under natural 


TABLE I 


Errect or RemMovat or CO, purInc THE Dark PeEriop 
UPON PHOTOINDUCTION oF Bitox! SoyBEAN, XANTHIUM 
AND WINTEX BARLEY 


FLOWER 
PRIMORDIA 
PER PLANT 


LENGTH NUMBER 
OF DARK OF 
PERIOD PLANTS 


FLora. 
IN HIBI- 
TION 


SPECIES eke 
CO.-FREE 
AIR 


AIR 
Biloxi 
soybean 
Xanthium 


Wintex 
barley 





Z 





TABLE II 


RELATIONSHIP OF QUANTITIES or C*O, Fixep DURING THE 
First aNp Seconp Harr or tHe Dark Perion spy De- 
TACHED LEAVES oF Bartey, SoyBEAN AND XANTHIUM 








RADIOACTIVITY IN COUNTS PER 








TREATMENTS So ea 
BARLEY SoyBEAN XANTHIUM 
84 hrs dark C*O, 168 511 246 
94 hrs dark 
% 109 64 
84 hrs dark C*O, 


18 hrs dark C*O, 453 ‘41 270 








* Each figure represents an average of at least 6 leaves. 


light intensities. After the plants had received a 
given number of photoinductive cycles they were 
again placed under non-inductive daylengths and at 
the end of 3 weeks the degree of induction was deter- 
mined by micro-dissection. 

Dark fixation studies using CO. tagged with C™ 
were conducted by exposing detached leaves of Xan- 
thium, soybean and the entire aerial parts of barley 
plants to initial atmospheres of 0.25 % C*Oz in glass 
containers. While some dilution of the radioactivity 
by respiratory CO, may have occurred, it could not 
have conspicuously altered the fixation for it can be 
seen in table If that fixation for two half nights ap- 
proximately equalled fixation for one entire night pe- 
riod. At the end. of each dark period the remaining 
C*O, in the atmosphere was rapidly removed and 
the plants dried in a drying oven at 65°C for 
twenty-four hours. Radioactivity determinations 
were made on the dried material after it had been 
ground to pass a 60 mesh screen. All samples were 
counted at infinite thickness using a windowless flow 
counter attached to a preset scaler. Sufficient num- 
bers of ionizing events were recorded so that the er- 
ror in counting was less than 2%. All counts were 
corrected only for background. 

Red light for night interruption treatments was 
supplied by encasing a 60 watt incandescent bulb in 
a red glass filter which transmitted wave lengths 
longer than 5200 A. 


RESULTS 

THE REQUIREMENT FOR CarBon Dioxipe: In an 
effort to determine whether CO, is essential for the 
dark reaction in photoperiodism, experiments were 
carried out using barley and soybean, depriving the 
plants of CO, for 15 hours each day, beginning one 
half hour before the start of the dark period. Dark 
periods of 9 and 15 hours were given in the presence 
and absence of CO,. The treatment was repeated 
for 5 days, after which the plants were maintained 
in non-inductive photoperiods until dissected. Xan- 
thium plants were studied similarly under dark pe- 
riods of 18, 10, and 6 hours, depriving the plants of 
CO, for 18 hours each day. The results of repre- 
sentative experiments are shown in table I. 
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The data indicate that under the conditions of 
these experiments photoinduction in the short-day 
species, soybean and Xanthium, was grossly inhibited 
when CO, was removed during the long dark periods. 
Floral induction in soybean was inhibited 82%, and 
in Xanthium it was inhibited 78%. Further, in 
Xanthium this inhibition was enhanced when the 
dark period was shortened to a threshold period of 
10 hours of darkness, which resulted in an inhibition 
of 95%. It can also be seen in table I that floral 
initiation of the long day barley was only slightly in- 
hibited (15%) by the CO,-free atmosphere under 
the daylengths tested. 

PATTERNS OF CARBON Dioxipe Fixation: In an 
effort to determine the effect of various degrees of 
induction on the extent of the dark fixation of COs, 
barley, soybean and Xanthium plants were exposed 
to from 0 to 4 inductive cycles. Excised leaves were 
then taken from these plants and exposed to C*O, 
atmospheres during a single non-inductive night pe- 
riod—8 hours for soybean and Xanthium and 18 
hours for barley. The inductive cycles were so ar- 
ranged that all plants could be studied during the 
same dark period with all treatments of each species 
being exposed to the same atmosphere in a single 
container. The results of this study are shown in 
figure 1. P 

The data suggest that dark fixation of CO, was 
promoted by the first two inductive cycles in all of 
the plants when compared to leaves of non-induced 
plants. These increases for barley, soybean and 
Xanthium were 50, 26 and 21%, respectively. In the 
case of barley and Xanthium the greatest total fixa- 
tion occurred during the first inductive cycle, 
whereas soybean reached a peak after 2 inductive 
cycles. 
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Fic. 1. Uptake of C*O, during a dark period by de- 
tached leaves of Wintex barley, Biloxi soybean and 
Xanthium. Each point represents an average of three 
separate composite samples taken from at least 4 de- 
tached leaves. 
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Since the data shown in figure 1 suggest that the 
dark fixation of CO, may be altered by photoinduc- 
tion, it appeared of interest to examine the respec- 
tive rates of dark fixation of CO, throughout single 
long dark periods. Excised leaves of barley, soybean 
and Xanthium were placed in a single container such 
that leaves of all three species were exposed to the 
same atmosphere of 0.25% C*O,. In nine of these 
containers C*O, was generated at essentially the same 
time, and the fixation was then stopped at intervals 
of two hours by removing the leaves from the C*O, 
atmospheres and killing them as previously men- 
tioned. The results of such a study are shown in 
figure 2. 

The data suggest that barley continued to fix CO, 
throughout the entire dark period while the soybean 
and Xanthium may reach a fixation equilibrium at 
about the middle of the long night period. 
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Fic. 2. Effect of previous photoinduction on the fix- 
ation of C*O, in the dark by detached leaves of Wintex 
barley, Biloxi soybean and Xanthium during a single 
dark period. Each point represents an average of 3 
separate composite samples taken from at least 4 de- 
tached leaves. 


In order to establish more exactly the differences 
in CO, fixation by the species indicated in figure 2, it 
appeared of interest to compare the quantity of C*O, 
fixed during the first and last halves of an 18 hour 
dark period. The results of such a study are shown 
in table IT. 

It can be seen that ‘he barley leaves fixed more 
C*O, during the second half of the dark period than 
during the first half, while the soybean and Xan- 
thium fixed the bulk of the C*O, during the first 
half. Such data essentially confirm those presented 
in figure 2, indicating that barley leaves fix CO, at 
an undiminished or increasing rate throughout the 
entire long dark period, while the short day species 
tend to reach a point of maximum fixation rate at 
about the middle of the dark period. 

Errects oF NIGHT INTERRUPTIONS ON CARBON 
Droxipe Frxation: Since it is well known that small 
quantities of red light in the middle of a long dark 
period effectively destroy the photoperiodic effective- 


TABLE III 


Tue Errects or Rep LiGHt upon THE C*QO, FIxep By 
Detacuep LEAVES DURING THE First Harr 
or A Lone Dark PeErtiop 


RADIOACTIVITY IN COUNTS PER 
MINUTE * 


SOYBEAN 


TREATMENTS 


BaRLEY XANTHIUM 


84 hrs dark C*O, 277 450 319 
84 hrs dark C*O, | 
+ } 264 258 176 
1 hr red light | 
84 hrs dark C*O. } 
+ ps 163 311 259 
1 hr dark } 


* Each figure represents an average of at least 6 leaves. 


ness of such dark periods, it appeared of interest to 
determine the effect of such night interruptions upon 
the fate of the C*O, fixed during the first half of a 
long dark perioc and upon subsequent fixation in the 
second half of the dark period. 

Excised leaves of barley, soybean and Xanthium 
were exposed to C*O, for a dark period of 8.5 hours; 
and one third of these was then killed and their ac- 
tivity measured; another third was exposed to red 
light in the presence of unmarked CO, for a period 
of one hour, and the remaining third was held in 
darkness for a similar time period under a similar 
atmosphere. The results obtained are shown in table 
ITT. 

It appears from these data that red light has a 
stabilizing influence upon the CO, fixed by the barley 
leaves in the preceding darkness. The opposite ap- 
pears to be true for the soybean and Xanthium; 
red light caused a much more rapid disappearance 
of the C*O, previously fixed when compared to those 
leaves which remained in darkness for the 
length of time. 

Further studies were conducted to determine the 


same 


TABLE IV 


Errect or Rep Licut ON THE FIXATION or C*O, By 
DetTACHED LEAVES IN THE SEconD Har 
or A Lona Dark Periop 


RADIOACTIVITY IN COUNTS PER 


. MINUTE * 
TREATMENT mashahen 


BARLEY SOYBEAN XANTHIUM 
84 hrs dark 


oe 
1 hr dark 


| 
} «88 253 
| 

J 


84 hrs dark C*O, 
84 hrs dark 


1 hr red light t 155 115 
+ | 
84 hrs dark C*O, } 


* Each figure represents an average of at least 6 leaves. 
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effect of night interruption upon the fixation of CO, 
in the second half of a long dark period. Excised 
leaves of barley, soybean and Xanthium were ex- 
posed to a period of 8.5 hours of dark in ordinary 
air. One half of these leaves was then exposed to 
red light while the other half remained in darkness. 
At the end of one hour all the plants were exposed 
to C*O, for a period of 8.5 hours following which 
their activities were recorded. The results as shown 
in table IV indicate that in the case of barley, previ- 
ous treatment with red light promoted C*O, fixation 
in the following dark period, while the soybean and 
Xanthium showed a decrease in dark fixation of 
C*O, when the leaves had been exposed to red light. 
DIscussION 

On the basis of the studies reported here, it is 
suggested that the dark fixation of CO, is an essen- 
tial part of the dark reaction in the photoperiodic 
induction of the short day species tested. This sug- 
gestion is based upon the following evidence: a) car- 
bon dioxide fixation does occur during inductive dark 
periods as shown by the experiments with C*O.; 
b) inductive dark periods are essentially ineffective 
in the absence of CO,; c) night interruption treat- 
ments strongly bring about a reduction in the 
amount of COg, fixed. 

Because it is essentially impossible to remove 
from the leaves all of the CO, formed by respiration, 
it can hardly be expected that the “CO,-free” treat- 
ment entirely deprived the leaves of CO . The fact 
that a few of the short day plants did differentiate 
some flower primordia in that treatment may be ac- 
counted for on the assumption that some respiratory 
CO, was available within the leaves. It is likely that 
the quantity of CO, released in respiration is much 
greater than that fixed metabolically, as has been 
demonstrated in microorganisms (1). 

Floral induction in the long day species—barley— 
was only slightly inhibited by a CO,-free atmosphere 
during the dark periods as might have been expected 
since it is well known that many long day species 
initiate flowers in continuous light (10). 

There are several striking analogies between the 
physiological factors which influence the inductive 
dark period of Xanthium and soybean and the fac- 
tors which influence the dark fixation of CO,. Each 
of the processes is identified with darkness, of course. 
The effectiveness of a photoinductive dark period is 
dependent upon the intensity and duration of the 
preceding light (6), and the dark fixation of CO, is 
similarly dependent (12). Young mature leaves are 
commonly the most responsive to photoinduction (3), 
and the same leaves are most active in COs, fixation 
(12). Moderately cool night temperatures are most 
effective for photoinduction (11) and are most pro- 
motive of CO, fixation (2). 

It is of interest that night interruption treat- 
ments had a two-fold effect on the dark fixation of 
C*O, in Xanthium and soybeans. First, they pro- 
moted an actual loss of C*O, fixed in the preceding 
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part of the dark period and second, they lowered 
the rate of fixation in the following part of the dark 
period. Exposure to red light would thus necessitate 
a longer dark period for maximum fixation, a situa- 
tion analogous to inhibitory effects of night inter- 
ruptions upon the photoperiodic effectiveness of both 
the preceding and the subsequent portions of the 
long dark period recently demonstrated by Carr (5) 
and by Hamner (7). 

The opposite effects of night interruption upon 
the CO, fixed by barley and by Xanthium and soy- 
bean closely parallel the effects of these treatments 
upon respiration of the same two groups of plants 
reported by Leopold and Guernsey (9). 

The non-photosynthetic fixation of CO, has at- 
tracted wide attention from plant and animal bio- 
chemists in recent years, but principally for its bio- 
chemical interest. The present study suggests that 
this reaction may play a specific and essential role in 
the developmental process of some plant species. 

SUMMARY 

Studies were conducted to determine the relation- 
ships existing between the fixation of CO, in the 
dark and photoperiodic induction in a long-day spe- 
cies, Wintex barley, and in two short-day species, 
Biloxi soybean and Xanthium commune. The results 
obtained are as follows: 

1. Inhibition of floral initiation occurred when 
soybean and Xanthium were exposed to long dark 
periods which were maintained essentially free of 
CO.,. Similar conditions only slightly inhibited initi- 
ation of barley. 

2. The photoinduction of leaves promoted the 
fixation of C*O, in the dark in all three species 
tested. 

3. CO. fixation rates during a long dark period 
appeared to be different in barley than in Xanthium 
and soybean. 

4. Night interrupticn treatments showed an op- 
posite effect on C*O, fixation in barley as compared 
to Xanthium and soybean. Night interruption treat- 
ments promoted a loss of C*O, fixed in the preceding 
part of the dark period and lowered the rate of 
C*O, fixation in the following part of the dark pe- 
riod in Xanthium and soybean plants. 

5. The fixation of CO, in the dark was suggested 
as a specific physiological factor in the photoperiodic 
induction of soybean and Xanthium. 


This study was supported in part by the Beech- 
nut Packing Company, Canajoharie, New York. 
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CHANGES IN FREE AUXIN CONTENT DURING THE PHOTOINDUCTION 
OF SHORT-DAY PLANTS '? 


ANSOW R. COOKE 3 
DEPARTMENT OF Botany, UNIversITY OF MICHIGAN, ANN ArBoR, MICHIGAN 


During the past few years considerable interest 
has arisen as to the possible role of growth hormones 
or auxins in flower initiation. In 1942 Clark and 
Kerns (4) found that low concentrations of the auxin 
naphthaleneacetic acid induced formation of an in- 
florescence in the pineapple plant when applied as a 
foliage spray. The litchi plant (13) has also re- 
sponded to auxin treatment. However, other at- 


tempts to induce flowering, especially in photo- 


periodically controlled plants, have met with little 
success. 

Although auxin treatment of plants responding to 
photoperiod will not in itself bring about flower initi- 
ation, such a treatment may materially affect the 
process. Leopold and Thimann (10, 11) found that 
in barley, treatment with low auxin concentrations 
definitely increased the number of flower primordia 
while higher concentrations decreased the flowering 
response. 

In short-day plants, however, treatment with 
auxins usually results in an inhibition of flowering. 
Thurlow and Bonner (2, 15) inhibited flower initia- 
tion in Xanthium by spraying the leaves with solu- 
tions of indoleacetic acid and naphthaleneacetic acid. 
Auxin treatment has also been shown to inhibit 
flower initiation in the short-day plant Kalanchoé 
Blossfeldiana (9) and petunia (7). 

Considerable work has been done to induce flow- 
ering with compounds that possess antiauxin activity. 
Bonner and Thurlow (2) were able to suppress the 
effect of auxin in inhibition of floral initiation with 
2,4-dichloranisole. When this antiauxin compound 
was used alone it hastened floral development. In a 
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later experiment, Bonner (1) found that the applica- 
tion of 2,4-dichloranisole and triiodobenzoic acid to 
vegetative Xanthium plants resulted in the initiation 
of flower-like buds, although true flowers were not 
obtained. Galston (5, 6) sprayed vegetative and 
photoinduced Peking soybean plants with triiodoben- 
zoic acid and noted that the photoinduced plants 
showed a tenfold increase in the number of flower 
buds formed. However, none of the vegetative 
plants were induced to flower. 

The results of these and similar experiments have 
suggested that auxins may play a major role in the 
flower initiation process. It has been suggested (3) 
that flower initiation in short-day plants may be due 
to a decrease in auxin. In order to test this idea, 
the changes in free auxin content were followed dur- 
ing the photoinduction period of short-day plants. 


MATERIALS AND METHODS 


Two short-day plants well known as to their 
reaction to photoperiod, were used in the study of 
auxin changes during photoinduction. These were 
cocklebur (Xanthium italicum Moretti) and Biloxi 
soybean (Glycine Soja (L.) Sieb. and Zuce.). Several 
other plants were also used to determine the effect 
of photoperiod on the auxin content of the plant. 
These included Maryland Mammoth tobacco (Nicoti- 
ana tabacum L.), stock (Matthiola incana (L). R. 
Br.), calendula, zinnia, nasturtium and barley. After 
germination the seedlings were transferred to 4-inch 
pots. During their vegetative growth the plants were 
kept under photoperiods that inhibited flowering. For 
short-day plants this was accomplished by giving 
supplementary light to provide day lengths of 16 
hours. The plants were induced under short-day 
conditions by placing them in a small dark room just 
off the greenhouse each afternoon and returning them 
to the greenhouse each morning. The induced plants 
received an 8 hour photoperiod. At the same time a 
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group of plants was induced, a similar group of plants 
was left under long days as controls. The use of 
control plants was necessary due to the variation in 
auxin content of the plants from day to day. 
Periodically during the induction period, both the 
induced and control plants were sampled and assayed 
for growth hormone content.. The plant material 
was weighed, placed in wire baskets, and then dried 
in a speed oven for 20 minutes at temperature of 
75°C. This type of oven employs a strong current 
of air which is- heated to the correct temperature 
before entering the drying chamber. In addition, an 
infrared heating lamp is mounted below the plant 
material. The output of this lamp is beamed directly 
on the plant material and aids in the drying process. 
Preliminary experiments in this investigation showed 
that rapid drying of leaf tissue in a speed oven gave 
comparable results to lyophilizing the tissue. The 
results of these preliminary experiments are shown 
in table I. After being dried the material was ex- 
tracted overnight at a temperature of 5°C with 
freshly distilled peroxide-free ether. The amount of 
auxin obtained by such an extraction was not sub- 
stantially different than extracting for a shorter 
period of time at room temperature. For example, 3 


TABLE I 


A COMPARISON OF THE EXTRACTABLE FREE AUXIN FROM 
LYOPHILIZED AND OveN-prIED Lear TISSUE 


LEAF TISSUE FRESH WT. LYOPHILIZED QUICK DRIED 


Degrees curvature of Avena 
coleoptiles 

148 

13.8 


gm 


Tomato 2 
Soybean 3.5 


13.2 
143 


grams fresh weight of bean leaves gave a curvature 
of 21° when extracted overnight at 5° C and a curva- 
ture of 23° when extracted for 3 hours at room 
temperature. The absence of auxin formation dur- 
ing the overnight extraction is probably the result of 
previously drying the leaf tissue at a temperature of 
75°C. This drying removes the moisture from the 
tissue and the relatively high temperature employed 
may partially inactivate the enzymes concerned with 
auxin synthesis. The standard Avena assay was 
used for all hormone tests. The results of the hor- 
mone tests are actually a measure of the growth 
hormone level minus the growth inhibitor level and 
represent the auxin level in excess of that needed to 
balance the inhibitor level in the leaves. However, 
attempts were made to use plants with little or no 
growth inhibitor in the leaves. All experiments were 
repeated at least once although the results of a 
typical experiment are reported here. 


RESULTS 


The investigations of Leopold (10) and von 
Witsch (16) indicated that the auxin content of 
plants varied with the photoperiod in which the 
plants were growing. During the early stages of 
this investigation the effect of day length on the 


TABLE II 


Errect or Day LENGTH ON FreE AUXIN CONTENT 
or VEGETATIVE PLANTS 


CURVATURE 
FRESH WT. IN DEGREES 
IN GM — — 
SHORT 
DAYS 


PLANT 


LONG 
DAYS 


Nicotiana tabacum 
var. Maryland 3.0 
var. Mammoth 4.0 
Biloxi soybean 3.0 
Biloxi soybean 3.0 
Stock 3.0 
Barley 3.0 
Barley 3.0 


Oct. 18 


Oct. 22 
Sept. 8 
April 25 
Oct. 13 
Sept. 26 
April 16 


IBRD OHH 
| OwmnNoseb 


auxin content of a number of plants was studied. 
After germination the seedlings were placed under 8- 
hour photoperiods and 16-hour photoperiods. Two 
to three weeks later, while the plants were still in a 
vegetative state, each group was analyzed for auxin 
content. Comparable leaf tissue from three plants 
was used for each determination. The results of 
these experiments are shown in table II. In general 
it was found that the auxin content of vegetative 
plants varied with the day length in which the plants 
were grown; the plants growing under long days 
contained the greater amount of auxin. This differ- 
ence in auxin content was also correlated with the 
size of the plants; the plants grown under long days 
were considerably larger than the plants grown under 
short days. 

The effect of day length on free auxin content 
was also investigated in older plants. A number of 
plants of the same age were grown under different 
photoperiods until one group of plants under the 
proper photoperiod came into full flower. The 
parallel group under the opposite photoperiod was 
still vegetative at the time of sampling. Samples of 
comparable leaves were taken from each group and 
analyzed. The results are shown in table III along 
with the vegetative or reproductive state of the plant 
under the different photoperiods. Here again, the 
plants under long days, whether they were vegetative 


TABLE III 


Errect or Day LENGTH ON Free AUXIN CONTENT OF 
LEAvEsS OF FLOWERING AND VEGETABLE PLANTS 
OF THE SAME AGE 


AVENA CURVATURE 
FRESH WT. IN DEGREES 
IN GM 


SHortTpAys LONGDAYS 


! : 9.7 
Nasturtium ; h 65 
Calendula : . 58 
Calendula J ; 10.5 
Calendula ; : 85 
Biloxi soybean .. J ! 19.7 
Zinnia f J 38 
Xanthium 17.4 





442 


or flowering, contained more auxin than the plants 
under short days. It then becomes evident that day 
length affects the auxin level in the plant and hence a 
change in auxin level might be associated with the 
induction period. 

The changes in free auxin content during the in- 
duction and flower initiation period were followed in 
a group of Biloxi soybean plants. In the first of 
these experiments the experimental plants were left 
under short photoperiods during the inductioi and 
flower initiation stages. The results of this experi- 
ment are graphically represented in figure 1. The 
general shape of these curves showing changes in 
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Fic. 1 (above). Changes in free auxin content dur- 
ing the photoinduction of Biloxi soybean plants. The 
lower curve is for the group of plants left under con- 
tinuous short days. The upper curve is for the group of 
plants induced for 3 days and then returned to long-day 
conditions. The auxin content is expressed as percent- 
age increase or decrease over the vegetative controls. 

Fic. 2 (below). Changes in free auxin content dur- 
ing the photoinduction of Xanthium plants. The results 
are given for the 3 methods of induction employed— 
whole plant under continuous short days, a single leaf 
under continuous short days, and the whole plant in- 
duced for 3 days and then returned to long-day con- 
ditions. The auxin content is expressed as percentage 
increase or decrease over the vegetative controls. 
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auxin level in vegetative and induced plants is based 
on several other duplicate experiments which, how- 
ever, were run at different periods of time. The 
analyses showed an initial increase in auxin content 
which continued for approximately two weeks. 
Following this, there was a decrease in auxin content. 
Dissection of the plants periodically showed the 
beginnings of flower primordia after 14 days of treat- 
ment. This corresponds with the period when the 
auxin content in the experimental plants drops below 
that of the vegetative controls. However, the actual 
induction and initiation must have occurred several 
days earlier. 

As the decrease in auxin content accompanying 
flower initiation in Biloxi soybean might possibly be 
due to the decrease in day length a second experiment 
in which the experimental plants were exposed to 3 
short days and then returned to long days was 
followed. The results of the auxin determinations in 
this experiment are shown in figure 1. The results 
obtained during the first 19 days after the start of 
induction parallel those in which the plants were 
kept under continuous short days. Flower primordia 
were noted 16 days after the start of the experiment. 
However, after a period of 19 days the auxin content 
of the experimental plants suddenly showed a rapid 
increase. This increase can probably be correlated 
with the fact that after 19 days the plants reverted 
back to the vegetative state. The flower primordia 
degenerated and the plants began growing vegeta- 
tively once again. In no case were flower buds 
formed. It has been shown (14) that Biloxi soybean 
needs 17 short days to form mature flowers, although 
3 days will bring about the initiation of flower 
primordia. 

Changes in auxin content during induction and 
flower initiation were also followed in Xanthium 
plants. Since the leaves of this plant contain a very 
active growth inhibitor, they could not be used for 
growth hormone analysis. In preliminary experi- 
ments, however, it was shown that the stem of 
Xanthium is free from this inhibitor and hence, in all 
further work on Xanthium the top 15 centimeters of 
the stem were used for analysis. The changes in 
auxin actually take place in the leaves but it was 
impossible to follow these changes at their place of 
origin. 

In the first set of experiments with Xanthium the 
experimenta! plants were placed under continuous 
short days. The results of this experiment are shown 
in figure 2. For the first two days there was an 
increase in auxin content in the induced plants. This 
was followed by a decrease, although at the end of 

days the auxin content began to increase once 
again in the experimental plants. Periodic dissection 
of the plants showed the appearance of inflorescence 
primordia after 6 days of treatment. The mor- 
phological change from vegetative to reproductive 
growth, therefore, took place during the beginning of 
the decrease in auxin concentration. 

In order to further separate the decrease in auxin 
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content that might be associated with flower initiation 
from the decrease due just to the change in photo- 
period, two other methods of induction were used. 
In one experiment Xanthium plants were placed 
under short photoperiods for only 3 days and then 
returned to long-day conditions. These plants came 
into flower, and the only difference in the amount of 
illumination received by these plants and the vegative 
controls was that they received 3 short photoperiods. 
In another experiment a group of Xanthium plants 
were induced by exposing a single leaf on the plant 
to short photoperiods by enclosing it in a black 
envelope from 4:00 P.M. to 8:00 a.m. each day. This 
single leaf, therefore, was under an 8-hour photo- 
period while the rest of the plant was maintained 
under a 16-hour photoperiod. The results of these 
two experiments are shown in figure 2. In both 
groups, flower primordia were noted 6 days after the 
start of treatment. This appearance of flower 
primordia occurred at a period when the auxin con- 
tent had dropped to a low value. However, the 


TABLE IV 


Errect or A SupbDEN CHANGE FROM LONG To SHortT Days 
ON THE AUXIN CONTENT OF PLAN1s 


No. or 
SHORT 
PHOTO- 
PERIODS 


DEGREES CURVATURE 
or AVENA PERCENT 
INCREASE 
SHORT 
DAYS 
23.2 
178 
10.4 


Lone 
DAYS 
Xanthium 
(short day plant) 


64.5 
25.4 
108.0 
. : 145.0 
65 t 16.2 
Barley 7.2 E 25.0 
(long day plant) 79 . 18.5 


14.1 

13.4 
Soybean 5.0 

(short day plant) 





further development and growth of primordia was 
accompanied by an increase in auxin content. 

In all of the experiments in which the auxin 
concentration in the plant was followed during the 
induction period, an increase in auxin content was 
noted for the first few days after the start of in- 
duction. This increase might be associated with 
flower initiation or it might be the result of the 
sudden change from long days to short days. 
Gustafson: (8) found that when corn or tomato plants 
were moved from the greenhouse and placed in con- 
tinuous darkness there was an increase in auxin for a 
period of 2 to 3 days. In order to determine the 
effect of a sudden change from long days to short 
days on the auxin content in the plant, a series of 
experiments were set up to measure the auxin content 
under these conditions. After germination the plants 
were grown under 16-hour photoperiods until they 
were 3 to 4 weeks old. They were then placed under 
8-hour photoperiods and the auxin content followed 
for the next few days. The control plants remained 
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under the 16-hour photoperiod. The results of this 
study are shown in table IV. In all instances, there 
was an increase in hormone content when the plants 
were transferred from long days to short days. The 
magnitude and duration of this increase varied with 
the experimental plant. As this inerease in growth 
hormone occurred in seedling plants of both long-day 
and short-day species, it is associated with the sudden 
change in photoperiod and may play no part in the 
initiation of flowering. 


Discussion 


Considerable attention has been given to the role 
of auxins in the photoinduction process. Most of 
these investigations, however, have dealt with the 
effects of treating plants with auxins and antiauxins 
(3, 6, 11). Very little information is available con- 
cerning the changes in growth hormone content that 
normally take place with variations in photoperiod 
and during the process of flower initiation (10). Dur- 
ing this investigation it was shown that photoperiod 
exerts a considerable influence on the growth hormone 
content of the plant and that this variation is associ- 
ated with flower induction and initiation in short- 
day plants. 

The photoperiod under which a plant is growing 
is one of the factors controlling the hormone level in 
the plant. Plants growing under long days, whether 
they were vegetative or flowering, contained more 
auxin than plants growing under short days. There- 
fore, as the daylength under which a short-day plant 
is growing approaches the critical daylength, there 
will be a gradual lowering of the auxin level in the 
plant. This will be true, however, only when the day 
length is gradually shortened and would not hold if 
the plants were suddenly changed from long photo- 
periods to short photoperiods. This difference in the 
method of induction is important in the study of 
photoperiodism and in any future work the plants 
should be grown under photoperiods as close to the 
critical day length as possible and yet still keep them 
in a vegetative condition. Under these conditions 
the change from vegetative to inductive photoperiods 
will more closely approach the natural conditions of 
flower induction. However, when flower induction 
and initiation does occur, there is a further decrease 
in auxin. This was shown in the experiments in 
which the plants were induced by subjecting a single 
leaf on the plant to short-day conditions. Under 
these conditions the effect of photoperiod on the auxin 
level of the plant is at a minimum and any change in 
auxin would then be associated with flower induction 
and initiation. 

If, however, a plant is suddenly changed from 
long-day conditions to short-day conditions there is 
a rise in the auxin content of the plant for the next 
few days. This increase in auxin is not due to flower 
induction but is associated with the sudden change in 
photoperiod. A similar increase in auxin has been 
noted when plants are placed in total darkness (8). 
This increase may be due to decreased auxin de- 
struction under short-day conditions before there is a 
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decrease in synthesis of auxin or auxin precursors. 
However, it is during this period of increased auxin 
concentration that flower induction occurs, and it is 
not until several days later, after induction has oc- 
curred, that the auxin concentration begins to de- 
crease. The appearance of flower primordia can first 
be detected during the end of the period of decreas- 
ing auxin content. This decrease in auxin is thus 
associated with the flower initiation process but not 
with the flower induction process. After the in- 
florescence and flower primordia are well developed 
and are starting to differentiate floral parts, there is 
an increase in auxin content. The further growth 
of the floral parts can, therefore, be correlated with 
an inereasing auxin content in the plant. 

While it has been shown in these experiments that 
flower initiation is associated with a decrease in auxin, 
the cause of flower initiation has not been shown. It 
appears very likely that a decrease in auxin is not 
the cause of flowering as this decrease does not occur 
until after the induction period. How closely the 
rise in auxin concentration that occurs during the 
induction period can be associated with floral in- 
duetion will require further study. This increase 
occurs in vegetative plants of both short-day and 
long-day species and may only be associated with 
the sudden change in photoperiod and not with any 
floral induction process. 

A number of factors accompany the change from 
vegetative to reproductive growth and, no doubt, the 
growth hormone concentration of the plant is one of 
these factors. However, these growth hormones 
favor vegetative growth and may in fact be an- 
tagonistic to the change to reproductive growth. The 
decrease in growth hormone concentration accom- 
panying floral initiation is most likely associated with 
floral initiation but is not the primary factor bring- 
ing about flowering. 


SUMMARY 

The auxin content of several short-day plants as 
measured by the standard Avena method was 
followed during the photoinduction period. The plant 
tissue was first quickly dried in an oven utilizing an 
infra-red heating lamp and then extracted overnight 
with ether at 5° C. Quick drying gave comparable 
results to lyophilization. A decrease in auxin content 
was associated with the appearance of flower pri- 
mordia. If the plants were induced for only 3 days 
or if only a single leaf was used in induction, there 
was still a decrease in auxin accompanying the ap- 
pearance of flower primordia. 

A plant suddenly transferred from long days to 
short days showed an increase in auxin content dur- 
ing the next few days but this change is associated 
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with the change in photoperiod and not with any 
photoinductive process. After the plants come into 
flower, their auxin content depends upon the photo- 
period under which they are growing. The plants 
under long days, whether they are flowering or 
vegetative, contain more auxin than plants growing 
under short days. 

A drop in auxin content has been shown to be 
associated with flowering but this decrease in auxin 
has not been shown to be the cause of flower 
initiation. 


This study was carried out under the direction of 
Dr. Felix G. Gustafson to whom the writer is in- 
debted for much helpful criticism and suggestions. 
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SEASONAL AND DIURNAL CHANGES IN THE WATER CONTENTS 
AND WATER DEFICITS OF BARTLETT PEAR LEAVES?? 


WM. B. ACKLEY 
WASHINGTON AGRICULTURAL EXPERIMENT STATION, PULLMAN, WASHINGTON 


It is general knowledge that the water content of 
deciduous leaves usually decreases as the season ad- 
vances. It has also been noted that the water deficit 
fluctuations of such leaves are often more pronounced 
early in the growing season when these parts are 
voung and succulent than later when they are older 
and harder. The seasonal changes in the actual 
weights of the water and dry matter components of 
leaves, however, are less commonly unders:ood. 

Leaf samples are comparatively easy to pick, dry 
and weigh. For this reason, the water content of 
leaves is often used to indicate water changes within 
plants. Knight (5) found slight diurnal variations in 
water contents of leaves of the plants he tested in 
the area of southeastern England. Livingston and 
Brown (7) found large diurnal changes in the water 
contents of the desert plants with which they worked. 
Miller (9) made frequent periodic water content de- 
terminations on the leaves of corn and sorghums in 
his studies of the water relations of these crop plants. 
Maximov (8), Stanescu (12), Kramer (6), and Wil- 
son, Boggess, and Kramer (14) have also reported on 
the fluctuations in the water contents of plants. 

Stocker (13) devised a measurement of water 
deficits by which he related the amount of water 
needed to bring a leaf to full saturation, or zero defi- 
cit, to the total amount of water in the leaf at satu- 
ration. The resulting ratio figure was multiplied by 
100 and expressed as a percentage. Stocker used 
such a measurement to obtain a comparison of the 
water deficits existing in the leaves taken at different 
periods of the day from plants growing in widely 
separated climatic zones. Oppenheimer and Mendel 
(10), Halma (3, 4), Compton (1), and Runyon (11) 


any one spur to not more than two during the entire 
sampling season. 

In determining seasonal changes, the sampling 
dates covered six 6-day periods spaced at three-week 
intervals from May 15 to September 2, 1950. The 
samples were taken between 2:00 and 2:30 p.m. each 
day from four sides of each tree and at three levels— 
5, 10, and 15 feet from the ground. To determine 
diurnal changes, leaf samples were taken at 4-hour 
intervals during six 32-hour periods spaced through- 
out much of the 1950 growing season. Four leaves 
were selected from each tree near the five-foot level 
at each sampling time. 

The leaves were transported from the field to the 
laboratory in weighing cans and immediately weighed 
for “field weight” measurements. The leaf samples 
were then arranged in racks and lowered into an en- 
closed constant-temperature water bath for satura- 
tion. The racks held the leaves in such a position 
that the end of the petioles were under water. The 
samples were left in the water bath for 18 hours at 
22°C. After obtaining the “saturated weight” the 
leaves were dried at 100°C for 24 hours and the 
“drv weight” determined. Water contents, as per- 
cent dry weight, and water deficits, as percent of the 
water at saturation, were calculated according to the 
formulas: 


“ 





_ field weight - dry weight 


Water content % - 
. dry weight 


x 100 


_ saturated weight — field weight i 


Water deficit % 100 


saturated weight - dry weight 


The trees were irrigated at frequent intervals 


throughout the growing season, an attempt being 
made to keep the soil moisture ample at all times. 
As indicated by tensiometer measurements, there was 


have reported on the use of similar measurements to 
determine changes in the water deficits of plants. 


During the past five years the Department of 
Horticulture of the State College of Washington has 
conducted a study of certain water relationships of 
Bartlett pear trees. A portion of this study included 
the measurement of the seasonal and diurnal fluectua- 
tions in the leaf water contents and water deficits and 
the weight changes of the leaf constituents responsi- 
ble for these fluctuations. 


MATERIALS AND METHODS 


As a source of leaf materials, eight bearing Bart- 
lett pear trees were selected for this study. These 
trees were located in one orchard block at the Tree 
Fruit Experiment Station, Wenatchee, Washington. 
The leaf samples were taken from non-bearing fruit 
spurs near the periphery of the trees. An effort was 
made to limit the number of leaves removed from 


1 Received February 2, 1954. 
2 Scientific Paper No. 1018, Washington Agricultural 
Experiment Station, Pullman. Project No. 879. 
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no practical difference in the availability of moisture 
to the trees between any two of the sampling periods. 
RESULTS AND DiscussION 

SeasoNAL CHANGES: The results of this portion 
of the study are presented graphically in figures 1 
and 2. Each weekly average indicated represents 12 
leaves from each of 8 trees on each of 6 days, or a 
total of 576 leaves. 

Figure 1 illustrates the increase in leaf weight oc- 
curring during the season. The decrease noted at the 
last sampling period should not be interpreted to 
mean that individual leaves actually decreased in 
weight between the last two sampling periods. Dur- 
ing the week of August 13 to 19, temperatures and 
humidity conditions were extremely severe. By Au- 
gust 28 approximately one-fifth of all the leaves had 
fallen prematurely, and a fourth of the remaining 
leaves showed dry brown areas typical of transpira- 
tion injury. The samples were selected from the ap- 
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Fic. 1. Seasonal changes in leaf weight, with the 
weights of the three measured components. Each point 
represents the average of the values obtained for 12 
leaves from each of 8 trees on each of 6 days, or a total 
of 576 leaves. 


parently uninjured leaves and evidently these leaves 
were smaller than those selected at the earlier dates. 

Figure 1 also illustrates the relative amounts of 
the three measured components which make up the 
total weight of a leaf at saturation: (1) dry matter, 
(2) water in the leaves at sampling time, and (3) 
water taken up by the leaves in the saturation pe- 
riod. After the leaves reached full development, or 
after the first sampling period, total weight increases 
were due primarily to increases in the dry matter 
component. After the leaves reached full develop- 
ment, the amount of water occurring in them did not 
vary to any large extent. At the earlier sampling 
periods the leaves took up more water, even though 
they were smaller, than later in the season. 

It is evident that the seasonal water content re- 
ductions illustrated in figure 2 were due, for the most 
part, to increases in dry matter and not to decreases 
in the water component. The seasonal water deficit 
changes shown in figure 2 indicate that age of leaf is 
of extreme importance in the evaluation of these 
measurements. The high water deficit value found at 
the first sampling period cannot be related to en- 
vironmental conditions at that time, whereas the 
water deficit values observed during the next four 
sampling periods appear to reflect increasing transpi- 
rational losses due to increasing temperatures and 
decreasing relative humidities. 


DrurNAL CHanaes: The results of these tests are 
summarized in table I. The seasonal changes in 
water contents and water deficits previously dis- 
cussed are immediately apparent. In fact, these sea- 
sonal changes were so large as to make over-all sea- 
sonal averages of little value. The diurnal changes, 
however, were remarkably uniform between any two 
corresponding sampling periods. 

As indicated by these data, and as shown in figure 
3, minimum water contents were found to occur 
around 2:00 p.m. each day. The samples taken at 
2:00 a.m. were found to have the highest water con- 
tent values. The ditferences between these extremes 
were generally larger early in the season, particularly 
at the first sampling period before the leaves had 
reached full development. At this time the leaves 
had a much lower dry matter content and small 
changes in the water component caused relatively 
large changes in the water dry matter ratios. 

The diurnal water deficit values, when plotted as 
in figure 4, showed opposite fluctuations, the maxi- 
mum values occurring around 2:00 p.m. and the 
minimum values around 2:00 a.m. It is of special 
interest to note that the minimum water deficits, as 
measured, never reached zero, even under the condi- 
tions of low night time temperatures common in the 
Wenatchee, Washington, area. This observation em- 
phasizes the fact that artificial leaf saturation under 
conditions of unrestricted water uptake in a near- 
saturated atmosphere is not comparable to usual field 
conditions. 
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Fic. 2. Seasonal changes in leaf water contents and 
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TABLE I 


Drurnat CHANGES IN THE WATER CONTENTS AND Water Dericits or BarTLeTr Pear LEAVES 
Durine Srx 32-Hovur Periops Spacep THROUGHOUT THE 








SAMPLING SAMPLING TIMES 
10 P.M. 2 A.M. 6A.M. 10 A.M. M. 6 P.M. 





Water contents as Yo dry weight 


May i 255.5 268.6 280.3 2768 259.6 254.4 
June . 174.7 182.7 191.5 175.9 173.4 173.1 178.2 
June ‘ 155.6 166.2 167.2 163.6 153.9 152.8 158.1 
July J 1422 1513 153.1 148.6 142.2 140.7 145.8 
Aug. ‘ 1403 147.1 153.6 152.8 1417 135.9 143.1 
Aug. . 138.7 142.1 146.% 144.6 137.4 135.6 137.9 


Water deficits as % of the water at saturation 


May 4, 12.91 } 6.63 7.79 13.64 14.82 10.80 
June ZI: 8.43 J 1.24 6.83 9.24 9.86 ee 
June 8: 6.66 : 2.48 5.50 8.58 8.69 8.26 
July ' 6.58 J 1.49 4.95 8.65 8.82 5.14 
Aug. J 6.72 i 2.41 3.06 9.01 9.43 6.91 
Aug. 7 5.13 3: 1.84 3.13 8.48 8.44 4.95 





Curtis and Clark (2) have pointed out that small matter component was found to increase. During 
changes in water content can cause relatively large the night, as the amount of water in the leaf in- 
changes in water content figures when the caleula- creased, the dry weight decreased. Thus the diurnal 
tions are based on dry weights. A critical review of extremes of water contents were accentuated by si- 
the diurnal changes in the actual weights of the com- multaneous and inverse changes of the two compo- 
ponents responsible for the water contents presented nents involved. 

in table I indicates that these figures were influenced 

by changes in both of the factors concerned. As the SUMMARY 

water component decreased during the day, the dry A study was conducted to measure the seasonal 
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Fic. 3. Diurnal changes in leaf water contents over Fic. 4. Diurnal changes in leaf water deficits over 


two of the six 32-hour tests conducted during the 1950 two of the six 32-hour tests conducted during the 1950 
season. season. 
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and diurnal fluctuations in the water contents and 
water deficits of Bartlett pear leaves. The results 
indicated that there was a general reduction in the 
leaf water content, as calculated on a dry-weight 
basis, during the growing season. The results also 
indicated, however, that this reduction was caused by 
an increase in the dry matter content and not by a 
decrease in the water component. 

Minimum water contents and maximum water 
deficits of pear leaves were observed to occur around 
2:00 p.m. each day. Maximum water contents and 
minimum water deficits were observed around 2:00 
A.M. each day. The differences between the diurnal 
extremes of leaf water content were generally larger 
early in the growing season, particularly when the 
leaves were young and succulent. These extremes 
appeared to be due to inverse changes in both the 
dry matter and water components. 

Since the actual amount of water in a leaf may 
or may not accompany changes in calculated leaf 
water contents, as indicated by the results of this 
study, the term “water content” or even “water con- 
tent on a dry-weight basis” may be somewhat mis- 
leading unless the weights of the individual compo- 
nents involved are also considered. The results also 
indicate that only after leaves reach nearly full size 
can water deficit changes be related to environmental 
conditions. 


This work was aided in part by grants from the 
Northwest Canners Association and the Washington 
State Soft Fruit Commission. 
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THE PHYSICAL ENVIRONMENT OF CHLOROPLASTS AS RELATED 
TO THEIR MORPHOLOGY AND ACTIVITY IN VITRO!? 


JOHN H. McCLENDON 3 
Hopkins Marine Station, STANForp UNIversity, Pactric Grove, CALIFORNIA, AND 
DEPARTMENT OF Botany, UNiversiry or MINNESOTA, MINNEAPOLIS, MINNESOTA 


Various authors have commented recently on the 
relative worth of different procedures for the isolation 
of intracellular structures such as mitochondria, 
nuclei and chloroplasts. (Recent reviews are 13, 50). 
Many workers have considered one or another aque- 
ous medium adequate and proper for the study of the 
biochemical system in question, while others maintain 

1 Received March 10, 1954. 

2 The investigations reported here were supported by 
the Office of Naval Research (contracts No. ONR 
414(00) with Stanford University and No. 160-030 with 
the University of Minnesota) and by the Graduate 
School, University of Minnesota. 

8 Present address: Department of Agricultural Chem- 
istry, University of Delaware, Newark, Delaware. 


that non-aqueous liquids are the only known media 
which prevent changes in the distribution of proteins, 
nucleic acids, ete. upon disintegration of the tissue 
(1, 14). While granting the usefulness of non-aqueous 
media in some cases, an aqueous medium is obviously 
necessary to maintain a natural environment, except 
perhaps for seeds and other naturally desiccated 
bodies. However, aqueous media used successfully by 
some have in other cases proven inadequate, either 
on a different tissue or organism, or by different 
criteria on the same tissue and organism. For ex- 
ample, some animal nuclei when isolated into certain 
aqueous media with little change in microscopic ap- 
pearance have been shown to have lost half of their 
dry weight (14). 





MCCLENDON—CHLOROPLASTS : 


In recent work on animal and plant mitochondrial 
systems (4, 5, 20, 24, 31, 38), it has become. quite 
clear that the osmotic environment is a very impor- 
tant factor in the maintenance of their biochemical 
(especially phosphorylative synthesis) and morpho- 
logical integrity. Yet for the most part these studies 
seem to proceed from the notion that the permea- 
bility of intracellular structures is similar to, if not 
the same as, that of the cell surface. Most authors 
have used sucrose, KC1, or similar solutes for osmotic 
regulation. Only where these penetrate rather slowly 
will the experiments have succeeded, yet there is no a 
priori reason for assuming that this is so. The neces- 
sity for the transfer of metabolic products about the 
cell might suggest a more free diffusibility, and, in 
fact, evidence will be presented below which indicates 
that some chloroplasts are quite permeable to sucrose 
and other low molecular weight compounds, but 
rather impermeable to compounds of molecular 
weight of about 2500 and higher. There already 
have been a few reports that sucrose freely penetrates 
isolated intracellular bodies (3, 8, 21). The experi- 
ments of Callan (8) are of most interest since he has 
shown that the permeability of certain amphibian 
oocytes (nuclei) is rather similar to that to be re- 
ported below for certain chloroplasts. A further 


example which must engender a cautious attitude 
comes from the experiments of Stocking (47). Using 
glucose-1-phosphate as the substrate, he was unable 
to demonstrate phosphorylase in chloroplasts of leaf 
cells, cither in situ (cells injured either by proximity 


to a cut edge or by brief ether treatment) or in 
homogenates (using buffered sucrose). The enzyme 
was, rather, in the cytoplasm. There appear to be 
only two alternative explanations: either phosphory- 
lase is not responsible for normal starch formation 
in leaves, or it leaves the chloroplasts readily when 
the cells are injured. If the latter is true, one should 
be able, by proper technique, to maintain the enzyme 
in the chloroplasts in vitro. 

The particular stimulus for this study was the 
finding by Helen A. Stafford (45) and the author 
(26, 27) that “mitochondria” (i.e., cytochrome oxidase 
containing bodies) from pea seedlings and tobacco 
leaves are apparently not maintained intact in iso- 
tonic or hypertonic sucrose solutions. It was then 
pointed out that the red algae offered what is per- 
haps an unique opportunity for the study of the 
effect of the medium on isolated cell inclusions, since 
their chloroplasts 4 contain strongly pigmented water 
soluble proteins (phycoerythrin and phycocyanin) 
needing no complicated equipment or procedure to 
observe. Consequently, the opportunity to study 
the chloroplasts of the red algae was seized upon, 


4 While these bodies are commonly known in the 
phycological literature as chromatophores, or sometimes 
as rhodoplasts, the word chloroplast appears to be a 
more apt term, emphasizing the chlorophyll content, 
and so the function, instead of the superficial color. 
A. Meyer’s (29) term, autoplast, is perhaps preferable, 
but finds little following in modern botany. 
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and the results are reported here. These results ap- 
peared so remarkable that the chloroplasts of several 
Angiosperms and a green alga were then tested in a 
similar manner. A brief report of the work at 
Pacific Grove has already appeared (28). 

It has been known for a century that chloroplasts, 
when torn from cells into water, will swell and vacu- 
olate (33). The first to report (in 1887) that sucrose 
solutions prevent this swelling of green chloroplasts 
appears to be Schwarz (42). Since that time 
numerous authors have used sucrose or other sugars 
in media for the isolation of chloroplasts (19, 40, 50, 
51). Yet the only study of the permeability of 
chloroplasts seems to be that of Blinks and Airth (7) 
in 1950, using the coenocytic marine green alga, 
Bryopsis corticulans. In this ease, the permeability 
greatly resembled that of cellular membranes. The 
uncertainty remains, however, that the cytoplasmic 
membranes may have reformed about each chloro- 
plast. In contrast with the above reports, Granick 
(19) remarks that hypertonic sucrose does not pre- 
vent isolated higher plant chloroplasts from chang- 
ing from their original smooth appearance to the 
granular form familiar in electron micrographs. The 
grana seem to be present in vivo (10, 46), but may 
not be visible. 

With respect to their biochemical activity, it is 
well known that in many plants the reaction charac- 
teristic of chloroplasts, the Hill reaction (reduction of 
exogenous oxidants in the light), is not dependent on 
the morphological integrity of the chloroplasts (40), 
but plants vary widely in their suitability in this 
reaction (9). Ewart (16) confirmed the report of 
Engelmann that the evolution of oxygen by free 
chloroplasts (without the addition of oxidants) is 
often greatly aided by the inclusion of sucrose in the 
isolation medium, and was able to get such oxygen 
production for 15 hours with chloroplasts of 
Selaginella helvetica in 15% sucrose. The chloro- 
plasts of most species, however, failed to evolve 
oxygen at all. Nitella, which will be shown in this 
paper to be quite active in the Hill reaction under 
proper conditions, was found inactive by Ewart and 
active for only a short time by Inman (23). Elodea, 
one of the plants reported by Clendenning and 
Gorham (9) to be inactive in the Hill reaction (media 
without sucrose), is shown in this study to be quite 
active under proper osmotic conditions. 


MATERIALS AND METHODS 


The plants used were as follows. Red algae (43): 
Griffithsia pacifica Kylin (Ceramiales), a filamentous 
alga with multinucleate cells as large as 2x 0.5 mm; 
the similar, though more slender, Spermothamnion 
Snyderae Farlow (Ceramiales); Antithamnion un- 
cinatum Gardner (Ceramiales), mononucleate, fila- 
mentous; Corallina gracilis forma densa Collins 
(Cryptonemiales), an erect calcareous alga with slen- 
der thalli, only the ultimate branches being used 
(about 1 mm across). Green plants: most experi- 





450 


ments with leaves of market spinach (Spinacia oler- 
acea L..) and greenhouse grown poke (Phytolacca 
americana L.); some with the leaves of greenhouse 
chard (Beta vulgaris var. Cicla L.), tobacco (Nicoti- 
ana tabacum L. var. Connecticut Seed Leaf, grown 
outside at Pacific Grove), wild New Zealand spinach 
(Tetragonia expansa Murr.), corn seedlings (Zea 
mays L.), and Elodea sp., the tubers of potato 
(Solanum tuberosum L.); and the coenocytic green 
alga Nitella clavata Kiitz. 

To release the chloroplasts (or their fragments) 
various methods were used. Griffithsia and Spermo- 
thamnion could be crushed in a small mortar, and 
the cell walls removed by straining through absorbent 
cotton into an eye dropper. Antithamnion was 
ground in a parallel sided glass homogenizer, strained 
and fractionally centrifuged. Corallina was chopped 
with scissors, ground coarsely in a large mortar and 
then ground in the glass homogenizer. The slurry 
was then centrifuged fractionally to remove thallus 
fragments and most of the pulverized cell wall ma- 
terial. Whole cells of Corallina could readily be dis- 
tinguished from free chloroplasts by resuspending the 
sediment in sea water and recentrifuging. The cell 
free material would release its phycoerythrin, but 
the intaet cells would not. Small samples of Nitella 
and the leaves of higher plants were treated in the 
same way as Griffithsia. Larger samples of leaves 


and potato tubers were ground either in a mortar or 
a Waring blendor and strained through a cheese 
cloth-glass wool sandwich. The volume of plant ma- 
terial was small with respect to the volume of liquid 


added, in the large scale experiments a sixth to a 
seventh. The concentrations given below are those 
of the liquid before adding the plant material. In 
Pacific Grove, the preparations were made at room 
temperature (about 20°C) except for centrifuging, 
which was done at about 11°C. In Minneapolis, 
preparations were made in a cold room (about 4° C) 
except where noted. The centrifuging was done in 
table model (clinical or smaller) centrifuges in angle 
heads, generally at the top speed. In a few cases, 
centrifuging was done at about 8000xg (studies of 
the ultra-violet absorbing ma.erial). 

Phycoerythrin, first purified in crystalline form 
in 1894 by Molisch (34), has, along with phycocy- 
anin, been studied by many investigators (40, 41, 
48). It has been studied mainly in the extracted 
condition, but in vivo absorption and action (photo- 
synthesis and fluorescence) spectra are also known. 
Phycoerythrin has a firmly bound bile pigment chro- 
mophore and has a molecular weight of about 210,- 
000. In the plants used in this study, phycoerythrin 
greatly exceeded any phycocyanin present. 

The microscopes used were standard instruments 
without phase contrast. Absorption spectra were de- 
termined with Beckman quartz spectrophotometers, 
model DU. 

The Hill reaction (40) was measured electromet- 
rically (at Pacific Grove) in a shallow circular dish 
with a platinum bottom, about 1.5 em x2 mm, into 
which dipped a salt bridge from a calomel half cell. 
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The potentials were recorded automatically on a Mi- 
cromax recorder. [Illumination was focussed from 
above from mercury vapor or tungsten filament re- 
flector lamps and filtered through dilute CuSO, and 
a yellow filter. The dish was unstirred and open to 
the air. A final concentration of ferricyanide of 
about 1.5x 10-3 M was used. The Hill reaction was 
also measured manometrically in the usual manner 
with 1.13 x 10° M ferricyanide as the oxidant. The 
light intensity in this case’ (in Minneapolis) was 
about 450 fe from five 300 watt tungsten lamps. 
The temperature was 20°C and 15°C in the mano- 
metric experiments in Minneapolis and Pacific Grove 
respectively. The electrometric experiments had no 
temperature control. 

The dextrii used was of unknown origin, though 
one sample of dextrin was not sufficiently soluble. 
The polyglucose had an average molecular weight of 
2000 and dissolved very readily. It was obtained 
from the National Research Council. Carbowax is 
the trade name for the solid polyethylene glycols 
(also called polyoxyethylene glycols or polyethylene 
oxides) manufactured by the Carbide and Carbon 
Chemicals Corporation and described in their bro- 
chure and elsewhere (e.g., 12, 25, 30). The polyethy- 
lene glycols are linear polymers of the formula 
HOCH,(CH,OCH.),CH.OH, water soluble solids 
(molecular weight at least 1000) and liquids. There 
is some uncertainty as to the molecular weight of the 
higher Carbowaxes, as that computed from the end 
group assay (roughly equivalent to the number in 
the manufacturer’s designation) is considerably 
higher than published values calculated from freez- 
ing point depressions (11, 35). The preparations 
available and used here are designated Carbowaxes 
1000, 1540, 4000, 6000 (while Carbowax 1500 is a 
mixture of 1540 and a liquid polymer) and Polyethy- 
lene Glycol 400. The molecular weight of Carbowax 
4000 may be as low as 2500. In most of the studies 
at Pacific Grove, the Carbowaxes were used as they 
came from the manufacturer (white pharmaceutical 
grade). When it became known (35) that this con- 
tained 0.01 % of methyl hydroquinone, preparations 
were made with this essentially removed, but no 
biological differences have yet turned up between 
the crude and purified Carbowaxes in experiments on 
either marine algae or land plants. Small quantities 
were purified by dialysis, but large batches were 
more conveniently prepared by precipitation from 
acetone. The methyl hydroquinone is conveniently 
assayed using its strong absorption band at 290 mu. 
Apparently the only report of toxicity to plants of 
Carbowaxes is that of Hodgson et al (22), but in this 
case it appears to be due to lack of permeability 
when introduced into the transpiration stream of cut 
shoots. Polyethylene glycols appeared not to be oxi- 
dized by alcohol dehydrogenase from higher plants 
(44). 


EXPERIMENTAL RESULTS ON RED ALGAE 


VisuaL OBSERVATIONS: Many authors have ob- 
served that the chloroplasts of the marine red algae 
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swell up and burst when placed in fresh or sea water. 
Often one may see a hyaline vacuole form, just as 
with chloroplasts from higher plants, but with the 
insoluble green lipoprotein clotted to one side and 
the phycoerythrin dissolved in the vacuole. 

The physical state of the phycoerythrin (i.e., the 
fluorescence and solution), was a quite sensitive and 
useful indicator of chloroplast damage. The intact 
plants and the chloroplasts of the species used in 
these experiments were a medium to dark rose in 
color, while dissolved phycoerythrin is a purplish 
pink (fig 1) with a strong orange fluorescence. The 
latter was very marked in the light from the green 
fluorescent lamp used in these observations. The 
slight fluorescence of the phycoerythrin in the intact 
chloroplasts is negligible compared to that of dis- 
solved phycoerythrin. In several instances in the 
study of partially successful media, the color and 
microscopic appearance of the chloroplasts were 
slightly, if at all, abnormal, yet definite fluorescence 
of the crude suspension was apparent to the eye, and 
if the chloroplasts were centrifuged out, the solution 
remained pink. 

In other instances, however, the microscopical ap- 
pearance was the only indication of abnormality. It 
was fortunate, therefore, that Griffithsia was at hand, 
as it was the only available plant (except for Spermo- 
thamnion, which was used a little in later experi- 
ments) which had cells sufficiently fragile to permit 
the isolation of intact chloroplasts. In each Grif- 
fithsia cell there are a large number of discrete 
chleroplasts. No two of these are the same shape, 
but their outlines are smooth and there is no visible 
internal structure. Under certain conditions men- 
tioned later, the isolated chloroplasts can be made 
to round up without changing their appearance 
otherwise. Biebl (6) and others have shown that red 
algal chloroplasts in situ are capable of a varicty of 
experimental changes in form, some of which are 
reversible. 

Most of the experiments on red algae may be 
summarized by dividing the results into three cate- 
gories. In the first, the solutions used had little or 
no stabilizing effect. In the second, swelling was not 
prevented, but the phycoerythrin did not dissolve. 
The chloroplasts appeared mottled or sfriated, as if 
their substance had swelled unevenly or had been 
partially coagulated. In the third, the chloroplasts 
retained their natural appearance, in that they re- 
tained their phycoerythrin and remained smooth and 
homogeneous in texture. The first two categories 
are summarized in tables I and II for salt solutions. 
Although sucrose by itself had no apparent stabiliz- 
ing effect (table III), in combination with certain 
salts it gave results different from those without the 
sucrose; namely, in molar sucrose plus 0.25 M KCl 
the chloroplasts swelled slowly; in molar sucrose plus 
molar KCl the suspension was fluorescent only after 
4 to 6 hours; and in molar sucrose plus 0.5 to 1M 
Na.SO, there were many chloroplasts with normal 
outlines after 22 hours but the texture was still ab- 
normal, as in the salt alone. Addition to the last 
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TABLE I 


Sart Sotutions Wuicn Hap Lirrre or No Srasivizinc 
Errecr on Rep AtGcAt CHLOROPLASTS * 








CONCENTRATION 
TESTED 


SOLUTION 





Sea water 
Potassium phosphate 
water 


KCl 


1, 2, 3x normal ** 


0.05 M, pH 6 
5M 


in sea 


0.05 M, pH 6 
i ll < 0.5 M, pH 67 
1 


1M 
0.6 M 


Potassium phosphate 
NaNO, 
Na formate 
Na lactate 
NaHCO, Sat. (ca. 1 
Na.SO, in sea water various, < 0. 
Ky, glucose-l-phosphate in 4 sea 

05M 





*The formate, strong sea water, strong KC! sup- 
pressed slightly the phycoerythrin fluorescence, but none 
of those solutions listed prevented swelling of the chloro- 
plasts more than 5-10 minutes. 

**The concentrations of sea water mentioned are 
compared with the normal supply as it was piped from 
the Pacific Ocean. The high concentrations were ob- 
tained by boiling. 

+ For higher concentrations, see table IT. 


medium of more sucrose, 1M KCl, and oxalate or 
calcium had no effect. Media with more physiologi- 
cal concentrations had no stabilizing effect; namely, 
M/3 sucrose, 1/3 normal sea water, M/6 KCl; M 
sucrose, 0.1 M KCl, 0.025 M Na.SO,, 0.01 M CaSO,, 
0.01 M MgSO,. 

All the solutions that maintained the red algal 
chloroplasts in a natural appearance with respect to 
color, shape, fluorescence and texture (the third cate- 
gory, above), contained organic materials of mole- 
cular weight at least 2500 (the lower limit is uncer- 
tain). Various substances tried are listed in table 
III. The substances listed at the bottom of table III 
conferred long lasting stability on the isolated chloro- 
plasts, maintaining their color, texture and low fluo- 
rescence even when dilute enough to permit the 
rounding up of the chloroplasts. Of these, the Car- 
bowaxes proved most interesting. Besides, they were 
cheap and easy to use. 

The reason for the special interest in the Carbo- 
waxes lies in the ability to compare the effects of well 


TABLE II 


Sart SoruTions WuHicH PREVENTED THE SOLUTION AND 
FLUORESCENCE OF PHYCOERYTHRIN, BUT Dip Nor Prevent 
Morpxo.rocicat CHANGES 


SOLUTION CONCENTRATION TESTED 





Potassium phosphate 
Na glutamate 

K.SO, 

NaSO, 

NaeSQ, in sea water 

Ke glucose-1-phosphate 

Mg: fructose diphosphate .... 


05 to 1M (pH 6) 
1M 

0.6 M 

0.7M 

0.7 to1M 

1M 


0.5M 
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TABLE III 


Errect or VARIOUS ORGANIC SOLUTES ON THE STABILITY OF 
GRIFFITHSIA CHLOROPLASTS 





RESULTS AND CONCENTRATION TESTED 








LonG 
LASTING 
STABILITY 


SOLUTE s 
wunceens No STABILIZED 


EFFECT TEMPORARILY 


lto2M* 
Peptone 5, 20%* 
Sucrose in 10% 
peptone 1M* 
Casein Sat.* 
Casein in 1 M su- 
crose 


Sucrose 


4 sat.* 
Algin 4% * 
Methyl cellulose 
Polyglucose 
Polyethylene gly- 
col 400 
Carbowax 1000 .. 
Carbowax 1540 .. 
Carbowax 4000 .. 
Carbowax 6000 .. 
Dextrin 
Egg albumin 


Sat.* 


40 gm * 100 gm ** 


10% * 
40, 80 gm ** 
40, 80 gm ** 
40, 80 gm ** 
40, 80 gm ** 
40 % * 
Sat.** 


*In sea water. Where a weight is mentioned, it was 
added to 100 ml of sea water. 

** In phosphate buffer (generally M/10, pH 6 or 68). 
Where a weight is mentioned, it was added to 100 ml of 
the solvent. 


defined preparations of widely different molecular 
weights. Such a comparison using Griffithsia is 
shown in table IV. ‘i‘he comparison is shown at the 
same weight concentration, since the colligative prop- 
erties do not follow van’t Hoff’s law (11, 39), and 
precise and reliable comparisons of these properties 
were not available. A point of reference is available, 
however, as Griffithsia cells were found to be about 
isotonic with a solution of 4 gm of Carbowax 4000 in 
10 ml of 0.1M phosphate buffer (pH 6.8). Table 
III shows that while Carbowax 1540 was a more ef- 
fective preservative than sucrose, it was not nearly 
so effective as the 4000 and 6000 polymers. In a 
similar experiment using homogenates of Corallina, 


TaBLe IV 


Tue IsoLaTion or GRIFFITHSIA CHLOROPLASTS 

IN SEVERAL CARBOWAXES 

APPEARANCE FLUORESCENCE 

Carpowax Conc.* —— 


IM MED. 7 DAYs ** 


3 DAYS ** 


Disorg. 
Some 
natural 
Most 
round - 


40 Round 
80 Natural 


Most 
round 


40 Round 
84 Natural 


4000 42 


6000 Round ~ 
Natural - 
*Grams per 100 ml of M/10 phosphate buffer (pH 
68). 
** Kept in a refrigerator. 


after several days in the several Carbowaxes the 
color or fluorescence of the supernatant was as fol- 
lows: 1000 > 1540 >> 4000 > 6000 (nil). In the 
same experiment, the color of the sediments centri- 
fuged from all four Carbowaxes was reddish gray 
(due to dilution by pulverized cell walls), compared 
to the pale green sediment from a homogenate in 
buffer only. Other trials with Griffithsia, Corallina, 
and Antithamnion merely confirmed these results. 
Carbowaxes 4000 and 6000 appeared equivalent using 
Griffithsia, but with Corallina and Antithamnion, 
6000 was slightly superior. In each case, however, 
the difference between 1540 and 4000 was much more 
marked than that between 4000 and 6000. 

The useful concentrations were in the range 4 to 
8 gm per 10 ml of 0.1 M phosphate buffer for both 
4000 and 6000. The lower concentration yielded 
spherical plastids and the higher gave irregular 
shapes, as in vivo. The irregular shape could be pre- 
served with the lower Carbowax concentrations by 
the addition of sucrose to the medium before isolat- 
ing the plastids, but changing the concentration of 
either the Carbowax or the sucrose after isolation 
failed to change the shape of the plastids. By suc- 
cessively decreasing the concentrations of Carbowax 
4000, sucrose, and sea water (in that order), mini- 
mum values were found, which just prevented the 
fluorescence and rounding up of the chloroplasts 
when Griffithsia cells were crushed in the mixture. 
These were 20%, M/8, and 2/3 natural concentra- 
tion, respectively. If the isolated plastids were 
transferred to buffer, the phycoerythrin dissolved, and 
a fractionation of the water soluble constituents of 
the plants could be obtained in this way. Figure 1 
shows absorption spectra of such extracts compared 
with a purified phycoerythrin. The isolated chloro- 
plasts were not pure, however, so the source of the 
ultraviolet absorbing materials is unknown, except 
for the phycoerythrin. 

After the above experiments on the morphology 
of the red algal chloroplasts and the following ex- 
periments on the Hill reaction had been completed, a 
few observations were made which do not fall into 
the same pattern. The phycoerythrin and chloro- 
plasts of Spermothamnion were found to be more 
stable to hypotonic media than the other plants 
tested. When the plants were crushed in distilled 
water, little of the phycoerythrin dissolved immedi- 
ately, but dissolved more quickly if crushed in sea 
water. When the plants were crushed in a M/10 
phosphate buffer, microscopical observation showed 
many swollen, disorganized, pink plastids, a few with 
a distinct bleb, along with much nondescript ma- 
terial. When the plants were crushed in Carbowax 
4000 (40 gm/100 ml H,O) and washed once in the 
same before being suspended in M/10 phosphate or 
in water, the chloroplasts did not become disorgan- 
ized (as did those of Griffithsia), even though they 
sometimes lost all their phycoerythrin and appeared 
green. 

Tue Hitt Reaction: Chloroplasts isolated in 
Carbowax 4000 solutions were always active when 
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tested electrometrically for activity in the Hill re- 
action. Curves comparing aliquots of the same ma- 
terial in Carbowax and in simple buffer are shown in 
figure 2. It is apparent that the photolysis mecha- 
nism of red algal chloroplasts is greatly damaged by 
the same procedure that releases phycoerythrin from 
the plastids. No doubt this explains why van Nor- 
man et al (49) failed to obtain from red algae prepa- 
rations capable of carrying out the Hill reaction. 
However, Hill activity was sometimes observed in 
concentrated extracts in buffer (e.g. from Corallina). 
That the loss of phycoerythrin was not directly re- 
sponsible for the loss of activity may follow from the 
work of Duysens (15) and French and Young (17) 
wherein it was concluded that the phycoerythrin ac- 
tive in photosynthesis transfers the light energy ab- 
sorbed to chlorophyll a. Some preparations in molar 
sucrose plus M/2 sulfate were observed to reduce 
ferricyanide in the light, but they were not compared 
quantitatively with other preparations. 


EXPERIMENTAL RESULTS ON GREEN PLANTS 


CHLoropLast MorpHo.ocy: It was mentioned in 
the introduction that Granick (19) had observed that 
chloroplasts isolated into hypertonic sucrose failed to 
maintain their natural homogeneous appearance for 
more than a few minutes. We have often observed 
that chloroplasts as ordinarily seen in sucrose homo- 
genates are not of the biconvex or plano-convex 
shape described by cytologists, but are saucer shaped 
(concavo-convex). Chloroplasts fixed in situ con- 
trast in visibility of the grana with those fixed after 
isolation in sucrose, those fixed in situ not showing 
grana, those in sucrose usually having quite marked 
grana (26). In the work on the effect of the Carbo- 
waxes on higher plant plastids, it was observed that 
one could usually get suspensions in Carbowax 4000 
(40 gm/100 ml) which showed two kinds of plastids 
(fig 7). One was like those usually seen in sucrose 
solutions. The other was smaller, denser, and bicon- 
vex. No grana were seen in the latter, while the 
former were quite granular. This effect regularly ap- 
peared, but the proportion of such smooth, dense 
chloroplasts varied considerably. Chloroplasts iso- 
lated into Carbowax could be converted into granular 
chloroplasts, but not vice versa. The amount of 
Carbowax necessary seems to be about 40 gm/100 
ml. Mixtures containing various physiological salts 
were tried but were ineffective at lower concentra- 
tions of the Carbowax. Carbowax 1000 at 40 gm 
100 ml buffer was ineffective. Attempts to repro- 
duce this effect with bovine serum albumin (Armour; 
30 % solution as marketed for clinical use) proved 
fruitless, either alone or with buffer or sucrose. A 
single trial of a mixture modeled after that of Zirkle 
(51), containing 2 % sheet gelatine and M/2 sucrose, 
was also negative. 

EXPERIMENTS ON ULTRAVIOLET ABSORBING Ma- 
TERIALS: The distribution of materials absorbing 
ultraviolet light in the region characteristic of pro- 
teins and of purine and pyrimidine bases (nucleic 
acids, ete.) was studied using spinach, corn and po- 
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tato (fig 1). When these were homogenized in sim- 
ple buffers (or buffered.sucrose solutions) and in buf- 
fered Carbowax 4000 solutions, there was much more 
material soluble in the former than the latter. Al- 
though a number of experiments were done to deter- 
mine some of the characteristics of this effect, it is 
uncertain that it has anything to do with chloro- 
plasts, since the origin of the material is not known. 
Furthermore, it matters not whether Carbowax is 
added before or after homogenization, or before or 
after the first centrifugation of the homogenate. 

Figure 3 shows the results of a typical experi- 
ment in which a chloroplast preparation was first 
made in a Carbowax 4000 solution and aliquots of 
the strained suspension centrifuged. The sediments 
were then stirred up in various media and centrifuged 
again. The spectra shown are of the supernatants of 
the second centrifugation. The results of various ex- 
periments of this kind showed that Carbowax 4000 
concentrations of at least 20 gm/100 ml of buffer 
were required to prevent the appearance of ultra- 
violet absorbing material in the final supernatant, 
and that Carbowaxes 1540 and 10 were much less 
effective (one experiment each) than the 4000. Com- 
parisons of various salt concentrations (fig 3) showed 
that phosphates of 0.02 and 0.05 M greatly speeded 
the sedimentation but did not seem to alter greatly 
the characteristic precipitation by the Carbowax (3, 
24). The ultraviolet absorbing materials, on the 
other hand, seemed somewhat more soluble in salts 
(0.05, 0.1 M phosphates, 1 M NaCl, equally) than in 
distilled water. Of the ultraviolet absorbing ma- 
terial precipitated by Carbcwax, about a third (at 
260 my, the absorption peak) appeared to be soluble 
in 10% perchloric acid (36) when the acid was 
added to the buffer extract at room temperature and 
centrifuged immediately in the cold. Little of this 
could be accounted for as passively carried over from 
the supernatant. The supernatant from which the 
chloroplasts, ete. had been centrifuged (Carbowax 
solution) was correspondingly 80% acid soluble at 
270 mp and 98 % at 320 my, both being peaks of the 
absorption spectra. In the buffer extracts of the 
Carbowax precipitates, the nitrogen accountable for 
as nucleic acid based on the ultraviolet absorption 
(after Ogur and Rosen (36), assuming 3.75 molecules 
N per molecule P) was calculated for some buffer 
extracts of Carbowax precipitated sediments, and 
compared with the total N of the same (semimicro 
Kjeldahl). One experiment with spinach gave 4.5 to 
5.5% purine and pyrimidine N and one with corn 
gave 13.9 to 14.2%. The controls with buffer ex- 
tracts of sediments from buffer suspensions gave the 
same values for the ratio, although the total! amounts 
were much smaller. 

Tue Hitz Reaction: A series of experiments on 
the Hill reaction were done at the University of Min- 
nesota using preparations from chard and poke 
leaves. In all cases the chloroplasts in Carbowax 
solutions gave as good activity as those in buffer or 
sucrose (in spite of the viscosity difference), and 
usually those in Carbowax showed a greater stability. 
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That is, the rate of oxygen evolution did not fall as higher land plants, and showed a higher activity in 
soon or as rapidly as in the usual media (fig 4, 5,6). sucrose than in Carbowax 4000. These experiments 
The morphological integrity of the chloroplasts (see were done both electrometrically and manometrically, 
above) was not necessary to show this effect, as so in view of the unfailing response to Carbowax in 
preparations transferred to Carbowax solutions from 
buffer or sucrose media (preparations made in a cold 
room) showed the same effect (fig 6). Figure 4 
shows how the difference between the Carbowax me- 
dium and the ordinary medium is exaggerated when 
the preparation is done at room temperature (com- 
pare fig 6). 
An even more pronounced effect, more compara- 
ble to that of the red algae, was found with Elodea 
and Nitella using the electrometric method. As men- 
tioned before, these have been found to be inactive 
or quickly so by prior workers. Nitella chloroplasts , 
in buffer weic found to reduce ferricyanide in the F 
light for only about half an hour, while a prepara- Pu. 7. Tobacco escorts teancedtnedieemeteaanane Cuho- 
tion in buffered Carbowax 4000 was still quite active wax 4000 solutions. | Left: granular chloroplast typical 
after 24 hours in the reaction cell. Elodea was some- ° Sucrose preparations. Right: dense chloroplasts as 
what more durable, lasting for an hour in buffer. found only in solutions of Carbowaxes as described in 
Sucrose (M/2) lengthened its period of activity but  *e*t- Carbowax 40 gm/100 ml M/20 phosphate. Sucrose 
there was almost no activity left after 18 hours at M 2 in same buffer. Photographs of fresh mounts with- 
room temperature, while a parallel suspension in Ut fixation or staining. 
Carbowax 4000 had lost no more than half its ac- 
tivity in the same time. Minneapolis (under various conditions) there is a 
Unfortunately, some experiments do not agree contradiction. It seems possible that the greater 
with the picture of enhanced stability in Carbowax viscosity of the Carbowax solutions may have be- 
4000, as has been reported previously (28). These come limiting at the lower temperature used at 
were experiments done at Pacific Grove with several Pacifie Grove. 


Fic. 1. Fractionation of water soluble material. Absorption spectra of (I) water extract of crushed Griffithsia 
plants filtered through absorbent cotton; (II) centrifuged water extract of Griffithsia chloroplasts (isolated in Carbo- 
wax 4000, 40 gm/100 ml! of M/10 phosphate buffer); (III) phycoerythrin isolated from (II) by chromatography on 
CaCO,. All curves adjusted to coincide at 500 mu; points for (1), (III) omitted where they coincide with (II). 

Fig. 2. Hill reaction of Corallina chloroplast fragments. Equal aliquots of a suspension in Carbowax 4000 
(40 gm/100 ml of M/10 phosphate buffer pH 6.8) centrifuged and resuspended in fresh Carbowax solution (I), and 
buffer only (II). Ferricyanide was present at the start in both, additional ferricyanide (to double Fe content) 
was added at “Fe.” Both were started in the dark, and lighted (L) and darkened (D) as shown. Reduction is in 
the downward direction. Absolute potentials on curve II are about 200 mv above curve I. Curves shown were 
traced from a recording potentiometer (Microwax) balanced every 3 seconds. 

Fic. 3. Ultraviolet absorption spectra of leaf extracts. 10 gm of fully expanded leaves of corn seedlings were 
ground in a mortar with 140 ml of Carbowax 4000 (40 gm/100 ml! buffer), and six aliquots centrifuged. The sedi- 
ments were taken up in (I) phosphate buffer, (II) disti!ied water, (III) Carbowax 4000 in distilled water (40 gm/100 
ml), (IV) Carbowax 4000 in M/20 phosphate (40 gm/100 ml). Two others not shown were: a) 1 M NaCl, b) same 
as (IV) with M/10 phosphate. These were essentially the same as (I) and (IV) respectively. After suspending in 
the above, all were centrifuged at about 8000 xg for a half hour and spectra taken of the supernatants. (III) sedi- 
mented very poorly and the curve shown is at } the concentration of the other curves. 

Fras. 4 to 6. Hill reaction of leaf preparations. All vessels contained 3 ml of chloroplast preparation and 0.2 m! 
of 6% potassium ferricyanide. Light intensity about 450 fe furnished by five 300 watt reflector flood lights about 
44 cm from the vessels, passing through about 30 cm of water in the thermostat (20° C). 

Fig. 4. 5 gm portions of a chard leaf ground in a mortar in 20 ml of (I) Carbowax 4000, 40 gm/100 m! of 
M/20 phosphate (pH 6.8) and of (II) M/2 sucrose, same buffer, all at room temperature (ca 25°C). The slurries 
were strained through glass wool, and centrifuged. The sediments were made up to volume in corresponding fresh 
solutions. (I) had about 2% less chlorophyll per ml than (II). 

Fig. 5. 40 gm of poke leaves ground in a Waring Blendor with 400 ml! of Carbowax 4000, 40 gm/100 ml of 
M/20 phosphate (pH 6.8), strained through glass wool and aliquots centrifuged. The sediments were stirred up 
into (I) fresh Carbowax solutions and into (II) M/2 sucrose, same buffer. Note dark period omitted from graph. 

Fig. 6. 60 gm of chard leaves ground in a Waring Blendor with 400 ml of buffered (M/20 phosphate, pH 6.8) 
sucrose (M/2), strained through glass wool and aliquots centrifuged. The sediments were stirred up in (II) fresh 
sucrose solution or in (I) Carbowax 4000 (40 gm/100 m1! of phosphate buffer). Chlorophyll concentrations were 
less than 4% different. Note omission in graph includes 10 minutes of dark. 
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Discussion 


It is assumed that the deciding factor in the ef- 
fects reported is the permeability of the chloro- 
plasts, as there is no obvious alternative. However, 
this apparent permeability is not that of an exterior 
chloroplastic membrane, since disintegrated chloro- 
plasts (Corallina, Antithamnion) and hypertonically 
shocked chloroplasts in part (higher plant plastids in 
the Hill reaction) react as do intact ones. In fact, 
the hyaline blebs so often seen and figured appear to 
originate in the body of the chloroplast (10, 46, 51). 
The precipitation of ultraviolet absorbing material 
by the higher Carbowaxes seems to do most damage 
to the permeability theory, yet an osmotic dehydra- 
tion of small particles (37) or blebs (26, 45) might 
induce a sufficient specific gravity difference to in- 
duce their sedimentation at the centrifugal speeds 
used. For the sake of completeness, one should men- 
tion the other properties of the Carbowaxes known 
to change with molecular weight. Of these prop- 
erties the following increase with molecular weight: 
melting point and viscosity. The following fall: sur- 
face tension depression and hygroscopicity. Viscos- 
ity, of course, will be of importance in experiments 
involving diffusion and sedimentation rates. The ex- 


tent of surface tension lowering is not large, and the 
data of Couper and Eley (11) if extrapolated to the 
high concentrations used here, indicate about the 
same surface tension for all (61-63 dynes/em). Fi- 
nally, it seems possible that the change in propor- 
tions of end groups with molecular weight might 


change some property such as dielectric constant. 
The facts that in a series of polymers, only the higher 
ones are effective, while chemically unrelated poly- 
mers of equal or greater size are also effective seem 
to indicate most strongly an osmotic effect. The 
failure of some of the high molecular weight sub- 
stances to stabilize the red algal chloroplasts may 
probably be aseribed to their low solubility (algin, 
gelatin, casein, methyl cellulose). The polyglucose 
with an average molecular weight of 2000 falls be- 
tween the effective and ineffective Carbowaxes and 
its homogeneity is not known. Due to the poor re- 
producibility of the microscopic appearance of the 
higher plant chloroplasts, even with the Carbowaxes, 
perhaps the failure with these of bovine albumin and 
of gelatin should not be emphasized. Several authors 
have reported that addition of certain indifferent 
protein gave improved activity in preparations of 
cytochrome oxidase or succinic dehydrogenase or oxi- 
dase. This is not likely to be related to the effects 
reported in this paper, since the amounts of protein 
were much smaller, and it has been reported that the 
effects can be explained by a chelation of inhibitors, 
and duplicated by the addition of ethylenediamine 
tetraacetic acid (2). In a few trials, addition of this 
chelating agent had no beneficial effect on the isola- 
tion of non-granular chard chloroplasts. 

Laties (24) and others have discussed reasons for 
the observed osmotic sensitivity of mitochondria. 
The author’s view is as follows. Although the water 


content of chloroplasts or mitochondria is unknown, 
it is reasonable to suppose that it may need to be 
low to prevent or limit hydrolytic reactions destruc- 
tive to the conservation of chemical energy in inte- 
grated metabolic systems. That is, equilibria are 
displaced by the lack of water. The presence of a 
high content of fatty material in both chloroplasts 
and mitochondria seems to lend weight to this view. 
In addition to the hydrolysis of chemical intermedi- 
ates, some components of the very structure of the 
chloroplasts or mitochondrion may be susceptible to 
hydrolysis, leading to irreversible changes. The use 
by Milner et al (32) of 15 % methanol as a stabilizer 
for the Hill reaction may possibly be accounted for 
similarly. 

One might expect that the ionic environment 
would affect the hydration and swelling of chloro- 
plasts, due to their protein content. Cations have a 
very marked effect on the swelling of liver nuclei in 
vitro (3) and dilute salts relieve some of the hypo- 
tonic shock from cauliflower mitochondria (24). 
Berthet et al (5) have studied the effect of various 
salts on the release of a phosphatase from liver 
mitochondria. Although no detailed study of this 
factor has been made here, no tested combination of 
low molecular weight salts could replace the high 
molecular weight Carbowax. The fact that the red 
algal chloroplasts were more plastic when in the 
plant than after isolation points, however, to a non- 
physiological medium. Chloride (other anions are 
less effective) has been shown to be essential to the 
Hill reaction in vitro (although chloride has not been 
considered an essential plant nutrient). Gorham and 
Clendenning (18) have attributed its effect to some 
physical effect on the chloroplasts, comparable to the 
effect on amylase and salt respiration of roots. The 
action of chloride and Carbowax on the Hill reaction 
of higher plant chloroplasts seems to be similar, since 
they both permit a more linear time course (18). 
Chloride is no substitute for Carbowax, however, as 
the effect of the latter is shown in the presence of the 
former. The effect of Carbowax in the absence of 
chloride was not tested. That some anions markedly 
affect the physical properties of red algal chloroplasts 
was mentioned above, even KCl having some effect 
at high concentrations. The higher plant chloroplasts 
were also modified by ionic material (fig 3). 

The question remains, why does sucrose benefit 
the isolation of higher plant chloroplasts at all? 
This may possibly be ascribed to the balancing of 
intrachloroplastie material which diffuses out as fast 
or faster than sucrose diffuses in. To be sure, the 
possibility remains that a fragile, less permeable 
membrane is present about chloroplasts, but it be- 
comes difficult to distinguish between a boundary 
layer belonging to the chloroplast and one belonging 
to the cytoplasm. 

It cannot be supposed that these few experiments 
solve the problem of providing a natural medium for 
intracellular bodies. Nevertheless, it is felt that 
progress has been made in a new direction, and that 
our knowledge of chloroplasts has been extended. 
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The experiments with ultraviolet absorbing materials 
may: provide a new tool in the study of nucleopro- 
teins, even if those precipitated prove to be unre- 
lated to chloroplasts. 


SUMMARY 


The chloroplasts of red algae, a green alga and 
higher plants have been studied. In all cases a me- 
dium containing polyethylene glycols (Carbowax) or 
other materials of molecular weight 2500 or over 
(e.g., Carbowax 4000) proved to have some beneficial 
effect on the chloroplasts in vitro. This was espe- 
cially so with the red algae where these materials 
were necessary for the maintainance of appearance, 
presence of phycoerythrin and the Hill reaction. 
Among the higher plants which show active Hill re- 
action in dilute buffers, the Carbowaxes partially re- 
lieved the inactivation with time. Ultraviolet ab- 
sorbing material (presumably nucleoprotein) was 
precipitated by the Carbowaxes from leaf homoge- 
nates, and the morphology of a portion of the higher 
plant chloroplasts isolated into Carbowax solutions 
was more normal than in sucrose solutions. 


I am sincerely grateful to Professors L. R. Blinks 
and Allan H. Brown for the opportunity to do this 
work, and their invaluable help, suggestions and 
criticisms. I am indebted to Dr. A. R. Moore for 


suggestions (see 12) and gifts of Carbowax. The 
Carbide and Carbon Chemicals Company kindly pro- 


vided samples of Carbowaxes with which much of the 
initial work was done. 
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THE TERMINAL RESPIRATORY ENZYMES IN 
NEUROSPORA TETRASPER MA!':?:4 
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Biochemical genetics of Neurospora has been 
established for a decade, but only very little infor- 
mation concerning its respiratory pattern is known. 
As early as 1901, Went (1) observed a tyrosinase in 
this mold, however, further enzymatic information 
was absent until 1944 when Horowitz (2) found the 
presence of pD-amino acid oxidase in Neurospora 
crassa. These twe enzymes were further studied (3, 
4, 5) and are nci included in this paper. The 
presence of a cytochrome system in Neurospora was 
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first reported by Shepherd (6) and during the course 
of this present work by Mitchell et al (7, 8) and 


Keilin and Tissiéres (9). This report confirms these 
latter findings and in addition reports the presence 
of cytochrome ec reductases, glycolic dehydrogenase 
and the hydroperoxidases. The presence of ascorbic 
acid oxidase and lacease could not be demonstrated. 


MATERIALS AND METHODS 


The medium described by Goddard (10) was used 
to grow N. tetrasperma (Dodge 394.4). One day old 
shake cultures from heavy conidiospore inocula pro- 
vided short thick mycelial suspensions for respiratory 
experiments. These cultures were washed repeatedly 
by centrifugation and placed in large flat Warburg 
vessels as a thick suspension. One and one-half days 
old shake cultures provided mycelia for enzymatic 
studies. They were collected on a Biichner funnel, 
washed with distilled water and sucked free of fluid. 
Ascospores were collected according to the method of 
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Goddard (10). They were stored in a desiccator 
over saturated ammonium chloride solution in a 
refrigerator. 

The mycelial pad was homogenized in a cold 
Potter-Elvehjem glass homogenizer or in a cold 
mortar and pestle containing acid-washed sand with 
ten ml of chilled 0.05 M phosphate buffer (pH 7.0). 
The resulting suspension was centrifuged for 15 
minutes at 500xg. The supernatant (H fraction) 
from this centrifugation was used with or without 
dialysis as a source of enzyme in most enzyme ex- 
periments. In certain experiments the H fraction 
was centrifuged again at 16,000xg for one hour to 
yield a precipitate (P fraction) and a second super- 
natant (S fraction). Ascospores were similarly 
homogenized with a small glass homogenizer about 
2 ml in total volume. The breakage of the ascospores 
usually was not complete. However, 15 minutes of 
centrifugation at 500 x g removed ascospores and wall 
material from the supernatant fraction. The result- 
ing cloudy suspension (H fraction) was used directly 
as the source of enzymes. 

Nitrogen determinations of acid digested material 
were made by the Nessler method (11). Washed 


mycelia were digested with sulfuric acid whereas 
enzyme preparations were first precipitated with 10 % 
trichloroacetic acid (w/v) and the precipitates like- 
wise digested with the acid. 

Both direct and indirect methods of Warburg (12) 
were used with total volumes approximately 9 and 


20 ml respectively. The vessels in the indirect method 
were rectangular without center wells. 

Cytochrome c was prepared according to Keilin 
and Hartree (13) and assayed spectrophotometri- 
cally (14). Reduced cytochrome c was obtained by 
reduction with hydrogen, after removal of O, with a 
stream of Ny, in the presence of 5% palladium- 
asbestos. 

Diphosphopyridine nucleotide (60% pure) and 
triphosphopyridine nucleotide (10 % pure) were pur- 
chased from the Schwartz Laboratories and Aloe 
Scientific Company, respectively. 

Malic enzyme was prepared according to the 
method of Conn, Vennesland and Kraemer (15) and 
tested by their method. 

Potassium pyruvate was prepared according to 
the method of Lardy (16). A similar method was 
used to prepare potassium glycolate from glycolic 
acid. Both were finally dried over phosphorus 
pentoxide. 

Pyrogallol was purchased from the Eimer and 
Amend Company; t-malate from Pfanstiehl Chemi- 
eal Company; L-ascorbic acid from General Biochemi- 
cals, Inc.; and 2,6-dichlorophenolindophenol from the 
Matheson Company, Inc. 

Methyl peroxide was kindly supplied by Dr. 
Lucile Smith of the Johnson Foundation for Medical 
Physies of the University of Pennsylvania. 

Protocols for inaividual experiments are given in 
legends accompanying figures and tables. 
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RESULTS AND DISCUSSION 


The terminal oxidases known to exist in various 
organisms can be grouped into the following cite- 
gories: (a) the iron-containing enzymes, such as the 
cytochrome system and the hydroperoxidases; (b) 
the copper-containing enzymes which include the 
tyrosinase, laccase, and ascorbic acid oxidase; and 
(c) the flavin oxidases, eg., glycolic acid oxidase. 
The present survey includes enzymes from all these 
groups. 

Tue CytocHroMeE System: Shepherd (6) demon- 
strated the presence of succinic oxidase which utilized 
molecular oxygen to oxidize succinic acid in Neuro- 
spora. Haskins et al reported similar results and 
also the presence of cytochrome oxidase (7). These 
observations are confirmed in the present investi- 
gation in both mycelial and ascospore extracts of N. 
tetrasperma. Succinic dehydrogenase activity was 
demonstrated by anaerobic reduction of fa) 2,6- 
dichlorophenolindophenol and (b) cytochrome ¢ using 
a mycelial extract and succinate as the substrate. 
Experiments using the latter method showed an 
equivalence of oxygen uptake of 42 ul per mg protein 
nitrogen per hour (Qo, (N)). The succinic oxidase 
system was demonstrated with a mycelial homogenate 
using the Warburg manometric method, and the Qo, 
(N) was found to be 94. This value is lower than 
that reported by Haskins et al (7), who used enzyme 
preparations centrifuged down at 60,000xg. Since 
this enzyme is found in the particulates centrifuged 
at high speed, they probably achieved a decrease in 
the amount of protein in their enzyme preparations 
without lowering the oxygen uptake, and thus in- 
creased the Qo, (N). 

Cytochrome oxidase activity was demonstrated by 
following the oxygen uptake manometrically with 
hydroquinone as the reducing substrate. The activity 
of laccase was negligible because, in the absence of 
cytochrome ec, hydroquinone or p-phenylenediamine 
or ascorbic acid: were oxidized only slowly by a 
mycelial extract. With cytochrome e¢ and _ hydro- 
quinone, the Qo, (N) was 665, which is much higher 
than that of succinic oxidase. The Qo, (N) values 
for succinic dehydrogenase, succinic oxidase, and 
cytochrome oxidase illustrate that the succinic de- 
hydrogenase activity is the lowest and is thus com- 
parable with the spectrophotometric evidence of 
Chance (17) for heart-muscle preparations. 

When the mycelial homogenate (H fraction) was 
centrifuged at 16,000 x g for an hour, the supernatant 
(S fraction) was freed from visible matter although 
the precipitate (P fraction) was composed of clumps 
of particulate matter when viewed with a microscope. 
The cytochrome oxidase activity of the H fraction 
was almost all recovered in the P fraction (table I). 
This is in agreement with work on other tissues; e.g., 
animal tissues (18), pea seedlings (19) and Myrothe- 
cium (20). Complete separation of cytochrome 
oxidase activity from the S fraction has not been 
achieved. It is possible that broken particulates 
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TABLE I 


Tue Locarization or CytocHroMe Oxipase ACTIVITY IN 
A BM vemnauat EXTRACT oF NEUROSPORA TETRASPERMA 





* Semen 
UPTAKE 
(uL/ HR) 


PROTEIN 
NITROGEN 
(uG/0.8 ML) 


Cyto- 


FRACTION amamne 


Qo, (N) 


79.3 175.4 453 
18.2 103 


69.7 68.0 1028 
8.1 149 


+ 20.5 1143 179 
- 6.7 59 


Sais rnatant ramen an : heeeabeinnte (H) salinities at 
500 x g is recentrifuged at 16,000xg for 1 hr to yield a 
supernatant (S) and a precipitate (P) which was sus- 
pended in phosphate buffer. These fractions are used 
separately as the enzyme source. Oxygen uptake was 
measured using the direct method of Warburg at 25° C. 
Complete system (+) contained 0.8 ml of enzyme in 0.05 M 
phosphate buffer, pH 68 in the main chamber, 3 mg of 
hydroquinone and 0.0158 pmoles of cytochrome c each 
in 0.1 ml in the side arm, and 0.1 ml of 10% KOH and 
Whatman No. 40 filter paper in the center well; total 
fluid volume 1.1 ml. (-—) series has cytoc hrome c 
omitted in the vessel. 


which remain suspended in the § fraction could be 
responsible for the small oxygen uptake observed. 

Cytochrome oxidase activity measured spectro- 
photometrically requires much less enzyme than the 
Warburg procedure, and was used to compare the 
enzyme activity in homogenates of mycelia and 
ascospores respectively. In terms of optical density 
decrease at 550 my per 10 minutes per mg of pro- 
tein nitrogen, the activities of mycelial and ascospore 
homogenates are 21 and 3.8 respectively. They are 
both inhibited by cyanide and azide, in agreement 
with the cytochrome oxidases prepared from other 
sources. Cyanide was found to be a much stronger 
inhibitor than azide when a mycelial homogenate was 
tested in this connection (table II). This is not un- 
expected because the dissociation constants of HCN 
and HN, are 7x 107 and 5x 10° respectively (21), 
and it is the undissociated acid that is inhibitory to 
the cytochrome oxidase. 

Tue CytocHromMe c Repucrases: Before dis- 
cussing the hydroperoxidases, it seems appropriate to 
refer to the cytochrome c reductases found in this 
organism. Lardy (22) distinguished between three 
cytochrome ¢ reductases by their reducing donors: 
succinic acid, reduced diphosphopyridine nucleotide 
(DPNH) and reduced triphosphopyridine nucleotide 
(TPNH). The presence of a TPNH-linked cyto- 
chrome c reductase in N. crassa was mentioned by 
Nason and Evans (23) in their studies of the nitrate 
reductase, but they gave no data for the cytochrome 
reductase... In the present work, the TPNH was 
generated by the malic enzyme from wheat germs 
(15). The DPNH was generated by the alcohol de- 
hydrogenase present in the enzyme preparation by 
adding aleohol. The results shown in figure 1 in- 


dicate that (a) the malic enzyme from wheat germ 
is contaminated with a TPNH-linked cytochrome c¢ 
reductase and the dialyzed homogenate contains both 
this cytochrome e reductase and malic enzyme, (b) 
the same enzyme preparation contains a DPNH- 
linked cytochrome ¢ reductase and alcohol dehydro- 
genase, and (c) there is a succinate-linked cytochrome 
e reductase which in the present test system was not 
distinguished from succinic dehydrogenase. The 
original intention was to compare the three systems 
by their reaction rates in this organism. If the 
coupled systems were all in excess, then the rate- 
limiting step would be that due to the cytochrome c 
reductases. Since the added malic enzyme was con- 
taminated by TPNH-linked cytochrome c reductase, 
it becomes obvious that the relative efficiency of the 
three cytochrome ec reductases in reducing cyto- 
chrome ec cannot be compared. It is probably true, 
however, that the cytochrome system, including the 
reductases, plays an important role in the respiration 
of this organism, judging from the many possible in 
vitro enzymatic reactions demonstrated involving 
cytochrome c. This view is further strengthened by 
the presence of a cytochrome ¢ peroxidase described 
in the next section. 

Tue Hyproperoxipases: Theorell (24) called the 
catalases and the peroxidases the hydroperoxidases 
due to similarities in their mode of reaction. They 
are both hemoproteins, react with hydrogen peroxide 
and catalyse the following analogous reactions: 


catalase 


peroxidase 
H,0, + HO—R—OH ———————> 2 H,0+ 0=R=O 


where R could be many organic compounds. When 
methyl or ethyl peroxide is substituted..for-hydroger- 
peroxide in these reactions, the peroxidase reactions 
will proceed with only a small difference in rate (25), 
but the catalase reactions virtually cease (26). This 


TABLE II 


RELATIVE INHIBITION oF A Myceria, CytocHROME 
Oxipase Activity spy SoprumM AZIDE AND 
PorasstuM CYANIDE 


THE 


N HIBITOR CONCEN IN , ITY 
— I IT R TRATIC N AcTIVITY 
(FINAL, IN MOLARITY) (IN %e) 


NaN; 3x 10° 


1x 10° 
0.33 x 10+ 
1 x 10“ 


KCN 


Optical density ieee pap time at 550 my were 
read with a Beckman spectrophotometer. Activities 
were calculated as A O.D.550 mz/min, and that of control 
taken as 100%. Each cuvette contained: 03 ml 05M 
phosphate buffer (pH 7.0), 0.02 ml homogenate (101 yg 
PN per ml), 9.3 ml inhibitor solution, 0.2 ml cytochrome 
c (0.077 umoles), and 2.2 ml H:O. Control cuvette con- 
tained no inhibitor. Blank cuvette contained neither 
inhibitor nor cytochrome c. 
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Fic. 1. Cytochrome c reductase activities of a mycelial extract of Neurospora tetrasperma. The components 
described above were placed in a modified Thunberg tube which has a Beckman cuvette at its lower end and a side 
arm where the cytochrome c solution was placed. The cytochrome c was mixed into the mixture of the other com- 
ponents at zero time after a 5 min evacuation and the optical density at 550 mu determined every 30 sec with a 
Beckman spectrophotometer. Components: (a) 0.3 ml 0.5 M phosphate buffer, pH 7.0; (b) 0.5 ml enzyme (contain- 
ing 33 ug of PN; homogenate dialyzed for 5 hours against a pH 7.0, 0.025 M phosphate buffer at 2-5° C); (c) cyto- 
chrome c, 0.2 ml (0.0512 umoles; oxidized by ferricyanide which was later dialyzed away); (d) TPNH coupling 
system: 0.1 ml 0.3 M 1t-malate, 0.2 ml 0.1 M CoCh, 0.2 ml TPN (410 zumoles), 0.5 mi malic enzyme (912 ug PN); 
(e) DPNH coupling system: 0.1 ml 3.3M ethanol and 0.2 ml DPN (340 uumoles); (f) succinate coupling system: 


0.1 ml 0.33M sodium succinate; (g) H:O to make 3.0 ml. 


fact was utilized in studying the cytochrome c 
peroxidase reaction using the method of Smith (27). 

Catalase activity in intact ascospores of N. tetra- 
sperma was first shown by Goddard (28). Bender, 
Krebs and Horowitz (3) later found that a catalase 
was secreted into the culture medium during growth 
of N. crassa. Direct assay for catalase in the mycelia 
was reported by Tissiéres, Mitchell and Haskins (8) 
after this work was completed. The localization of 
this enzyme in the § fraction from a high speed 
centrifugation is shown in figure 2, and is in agree- 
ment with that found with animal tissues (18). The 
activities of an ascospore homogenate and a mycelial 


Blank contained only (a), (b) and (g). 


homogenate were found to be 12.0 and 56.1 yl O, 
liberated per pg protein nitrogen per ten minutes 
respe: ‘ively. 

“9 evidence for the presence of peroxidase in this 
orgar sm has been reported. Peroxidase activity was 
investigated by the guaiacol method of Chance (29) 
with negative results for the presence of this enzyme. 
However, using a modified method of Sumner and 
Gjessing (30) based on the oxidation of pyrogallol to 
purpurogallin, a peroxidase activity could be demon- 
strated. It was found to be present in both mycelial 
and ascospore homogenates (table III). The pur- 
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Fie. 2. The localization of catalase activity cf a my- 
celial extract of Neurospora tetrasperma. Oxygen evo- 
lution was measured with the Warburg respircmeters 
(total fluid volume 1.1 ml), temperature 25° C, shaking 
rate about 180 cycles per min. The main chamber con- 
tained 0.0-09 ml enzyme preparation and two small 
glass beads in 0.05 M phosphate buffer (pH 7.0); total 
volume 0.9 ml. Enzyme preparation included H, S and 
P fractions described previously; H fraction contained 
105 wg PN per ml. The side arm contained 0.1 ml of 
03M H,O, tipped into the main chamber at zero time. 
The center well contained 0.1 ml 10% KOH and a strip 
of Whatman No. 40 filter paper. Rates in terms of oxv- 
gen evolution per ten minutes were plotted against v0 
amount of enzyme in ml. 


purogallin color at 425 my using a Beckman spectro- 
photometer was found to obey Beer’s law and 


mg purpurogallin per 3 ml (i.e., per cuvette) 
= 3.23 x A optical density at 425 mp 


No attempt was made to convert it to the Pur- 
purogallin Zahl (P.Z.) because the wet weight of 
mycelia could not be determined accurately. The 
correlation between the wet weight and dry weight 
of mycelia was too poor to justify the use of two 
simultaneous samples to determine the dry weight 
and enzyme activity separately. The results can be 
expressed in terms of the amount of total protein 
nitrogen and the mg purpurogallin calculated from 
the optical density change for the first five minutes; 
thus the mg purpurogallin formed per five minutes 
per pg protein nitrogen are 1.71 and 0.47 for asco- 
spore and mycelial homogenates respectively. It is 
further demonstrated that the presence of the peroxi- 
dase was not localized on the cell particulates and 
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the complete recovery of the peroxidase activity in 
the S fraction is clearly shown in table IV. 

The failure of the guaiacol method to demonstrate 
the peroxidase activity could be attributed to either 
(a) substrate specificity, (b) interference in the 
formation of tetraguaiacol, or (c) the peroxidase 
activity of catalase (31). 

Preliminary experiments demonstrated the pres- 
ence of a cytochrome ¢ peroxidase using the method 
of Smith (27). Figure 3 shows the results of an 
experiment recording the autooxidation of cytochrome 
c, the cytochrome oxidase oxidation and the cyto- 
chrome ¢ peroxidase oxidation. The initial reaction 
rates for cytochrome oxidase and cytochrome ec 
peroxidase, using the same enzyme preparation, were 
0.085 - AO.D.ssom,/min and 0.238 - AO.D.s59m,/min 
respectively. After the latter value is corrected by 
the control rate (i.e., no enzyme), it becomes 0.214 


~*AO.D.550m,/min. The ratio of the activities per 


unit volume of enzyme preparation of cytochrome 
¢ peroxidase to cytochrome c oxidase can be ex- 
pressed as (0.214/0.085) x 2 = 5.04, i.e., this peroxidase 
oxidizes reduced cytochrome c five times as fast as 
the oxidase. Similar results were obtained by Smith 
(27) using yéast as the test material. The high 
cytochrome ¢ peroxidase activity suggests the in vivo 
importance of this enzyme, since Chance (17), using 
a yeast suspension, has demonstrated the partici- 
pation of the peroxidase system in oxidizing cyto- 
chrome c, as well as the pyridine nucleotides, upon 
the addition of methyl peroxide. He did not imply 


TABLE III 


Tue Peroxmase Activiry oF MYCELIAL AND ASCOSPORE 


« 
TIME No MYCELIAL ENZYME ASCOSPORE 
MIN ENZYME (0.05 ML 0.025 ML = on ot 
0 (added pyrogallol) 
1 0 0 0 0 
2 12 21 12 16 
3 7 41 30 3l 
4 40 60 46 46 
5 51 84 62 59 
(added HO.) 
6 0 0 0 0 
7 10 97 49 76 
8 19 241 118 182 
9 27 405 194 314 
10 33 580 279 470 
Purpurogallin formed due to peroxidase (in mg): 
Per cuvette ....... 1.66 0.758 1.385 
Per ml enzyme ... 33.2 30.3 36 
, 1.71 


Peet Pc. 56k 0.49 0.45 

Optical density changes at 425 mu (A0.D.x 1000) 
were recorded at one min intervals using a Beckman 
spectrophotometer at room temperature. Each cuvette 
contained: 0.3 ml of 0.5M phosphate buffer (pH 7.0), 
0.1 ml freshly prepared 5% pyrogallol (about 0.4 M) 
added at zero time, 0.1 ml freshly prepared 1% HO. 
added 5 min later, mycelial homogenate (67.8 ug PN 
per ml) or ascospore homogenate (20.3 ug PN per ml) 
and H.O added to make a total volume of 3.0 ml. 
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TaBLe IV 
Tue LocaLizaATION or PeRoximpAse Activity oF A MYCELIAL 
Extract oF NEUROSPORA TETRASPERMA 
TIME No H Ss P 
MIN ENZYME FRACTION FRACTION FRACTION 








(added pyrogallol) 

5 0 0 
* 22 17 
40 34 


BES8o 


0 87 80 
(added hydrogen peroxide) 
0 0 


12 75 

23 186 

J 32 330 
7.0 48 649 


| SSReo 


Optical density changes at 425 my (i 0.D.x 1000 
were recorded at half or one minute intervals using a 
Beckman spectrophotometer. Each cuvette contained: 
0.1 ml 0.5M phosphate buffer (pH 7.0), 0.1 ml freshly 
prepared 5% pyrogallol, 0.1 ml freshly prepared 1% 
H.O:, 0.1 ml enzyme (H, §S, P fractions described previ- 
ously; H fraction contained 13 ug PN/ml), and 26 ml 

2 


that this is the system reacting with the endogenous 
hydrogen peroxide. On the other hand, he did 
demonstrate the presence of complex I of catalase in 
a bacterial suspension after adding hydrogen peroxide 
to the suspension (32), thus supporting the hypoth- 
esis that catalase serves to break down the hydro- 
gen peroxide produced in vivo. This also raises 
doubts that hydrogen peroxide can be built up in 
vivo to high enough concentrations to make the 
peroxidase reaction of any importance. Although the 
participation of the hydroperoxidases in respiration 
has just been demonstrated by Chance, the impor- 
tance of these systems remain obscure at the present 
time. 

Tue Copper Oxinases: Failure in demonstrating 
lacease activity was reported in a previous section. 
Also ascorbic acid oxidase activity was not demon- 
strated after varying the following experimental 
conditions: (a) the pH during homogenization, (b) 
the pH of the reaction mixture, (c) the ionic strength 
of the phosphate buffer, and (d) homogenization in 
the presence of ascorbic acid followed by dialysis in 
phosphate buffer at two diferent concentrations for 
six hours. Together with the finding of Horowitz 
and Shen (5) who demonstrated an inhibitor for 
tyrosinase in the mycelial extract of N. crassa, it 
seems justified to conclude that the copper oxidases 
are relatively unimportant during growth. However, 
tyrosinase is probably the enzyme responsible for the 
formation of the black pigment in perithecia and 
ascospores as shown in a parallel study in Glomerella 
(33). 

Guiycotic Acip DEHYDROGENASE: The fact that a 
residual cyanide mycelial respiration was present 
using the Warburg direct manometry (fig 4) sug- 
gested the participation of a flavoprotein oxidase, 
possibly glycolic acid oxidase. The latter enzyme 
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was not demonstrated but a glycolic acid dehydro- 
genase activity was obtained using a dialyzed mycelial 
preparation. These two enzymatic activities are not 
differentiated in the literature and a possible differ- 
entiation is hereby presented which utilizes the fol- 
lowing equations: 


glycolic acid —————> glyoxylic acid + 2 H* 
2 H’ +0, ——————> _H,0, 


Glycolic acid dehydrogenase catalyzes only the first 
reaction and can be demonstrated by the anaerobic 
reduction of 2,6-dichlorophenolindophenol. Glycolic 
acid oxidase catalyzes both reactions at the same 
time and is demonstrated by oxygen uptake. Both 
methods have been used by other workers (34, 35, 
36). The presence of a glycolic acid oxidase in N. 
crassa was suggested by Perlman (37) who isolated 
oxalic acid from an ethanol-containing medium in 
which N. crassa was allowed to grow for three days. 
The present work shows that if the glycolic acid 
oxidase is present, it is not possible to demonstrate 
it using the Warburg manometric methods. The 
anaerobic reduction of 2,6-dichlorophenolindophenol 
by a dialyzed mycelial homogenate is illustrated in 
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Fic. 3. The cytochrome e peroxidase activity of a 
mycelial extract of Neurospora tetrasperma. Optical 
density decrease at 550 mu was obtained by using a 
difference spectrum recording Beckman spectrophotome- 
ter. Components in a cuvette: (a) 0.02M phosphate 
buffer final concentration, pH 7.0; (b) 0.5 ml reduced 
cytochrome ¢ (0.0475 umoles); (c) homogenate—used 
0.1 ml for peroxidase test and 0.2 ml for oxidase test— 
161 ug PN per ml; (d) methyl peroxide—20 ul of 20 1.M 
solution added on the tip of a glass rod; (e) total vol- 
ume—3.0 ml in oxidase test and 3.02 ml in peroxidase 
test; (f) blank contained only buffer. Peroxidase test 
(curve 1)—buffer and cytochrome ec and water were 
bubbled with CO for 15 min, no oxidation observed; 
add 0.1 ml of enzyme, still no oxidation; add methyl] 
peroxide, oxidation observed. Oxidase test (curve 2)— 
no CO bubbling and peroxide not added. Control 
(curve 3)—no enzyme but with methyl peroxide. (This 
experiment was conducted with the help of Dr. Lucile 
Smith of the Johnson Foundation for Medical Physics 
at the University of Pennsylvania.) 
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Fic. 4. 
25° C. 





(Min) 


Cyanide inhibition of mycelial respiration using both the direct and indirect methods of Warburg at 
Indirect method: 1.5 ml mycelial suspension (44.6 ug total N per ml); 0.05M phosphate buffer, pH 7.0; 


1% glucose; with or without 0.002 M KCN; total volumes of 2.5 and 7.0 ml; 10 small glass beads per vessel. 


@—O, uptake, O—CO, production, and A—cyanide O, uptake and CO, production. 


Direct method: 0.5 ml my- 


celial suspension; 0.05 M phosphate buffer, pH 7.0; 1% glucose; with or without 0.002 M KCN; when cyanide is 
used in the main chamber, 0.1 ml 2M KCN is placed in the center well instead of 0.1 ml 10% KOH; total volume 


of 1.1 ml; 5 small glass beads per vessel. 
©—cyanide O, uptake. 


figure 5. This dye exhibits a maximum absorption 
between 600 and 610 mp and Beer’s law was obeyed 
at 600 mp with 


A dye in pmoles per 3 ml (i#., per cuvette) 
= 0.15 A optical density at 600 my. 


The optical density change for the first five minutes 
of this dehydrogenase reaction was 0.256, corre- 
sponding to 0.0384 pmoles of the dye and equivalent 
to 0.43 pl of oxygen. Two moles of the dye, 2,6- 


A—O: uptake, HCO, production, [—cyanide CO. production, and 


dichlorophenolindophenol, is equivalent to one mole 
of oxygen, which occupies 22.4 liters at standard con- 
ditions. So 0.0384 ywmoles of dye occupies a theoreti- 
cal volume of 


0.0384 


9 


«224 = 0.43 pl. 


This amount of oxygen uptake cannot be measured 
by the Warburg manometric methods, and it is 
evident that the presence or absence of the glycolic 
































acid oxidase cannot be resolved. This dehydrogenase 
could be the oxidase, but the enrichment of the de- 
hydrogenase per unit volume of the enzyme prepara- 
tion must first be achieved. It seems clear that this 
enzyme is of no physiological importance, since the 
control in the above experiment also showed a large 
endogenous rate of the dye reduction which persisted 
even upon dialysis for six hours. It can further be 
observed that the boiled enzyme preparation also 
reduced the dye but at a lesser rate than the endog- 
enous. If the boiled enzyme curve is used as the 
reference line, it can be visualized that the endog- 
enous rate of the dye reduction is decreased per- 
centagewise with respect to the rate of the dye re- 
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Fic. 5. The glycolic acid dehydrogenase activity of 
a mycelial extract of Neurospora tetrasperma. Optical 
density changes at 600 mu at various time intervals were 
recorded using a Beckman spectrophotometer. The fol- 
lowing components were placed in an anaerobic cuvette 
described before: 0.3 ml 0.5 M phosphate buffer, pH 7.0; 
0.5 ml enzyme; 0.3 ml 0.1 M potassium glycolate; 0.1 ml 
0.05 % 2,6-dichlorophenolindophenol; and H:O to 3.0 ml. 
Enzyme for curve 1—homogenate dialyzed for two hours 
against 0.025 M phosphate buffer, pH 7.0 and contained 
127 wg PN per ml; for curve 2—above preparation 
heated for 10 minutes in a boiling water bath; for curve 
4—none. Curve 3 contained no glycolate. 


duction by the complete system. Thus, the optical 
density change at the end of five minutes for (curve 
1 - curve 3) is 0.17 and that for (curve 2- curve 3) 
is 0.04; the endogenous rate is now reduced from 
45 % to 24% of the rate of the complete system. 
Further investigation on the respiration of Neuro- 
spora mycelia exhibited a residual cyanide respiration 
using the Warburg direct method, but a complete 
inhibition using the indirect method (fig 4). The 
complete inhibition of mycelial respiration by cyanide 
was obtained only with a fine mycelial suspension 
(not mats) using large flasks which provided ade- 
quate liquid-gas interfacial area for gaseous equili- 
bration. The respiratory quotients (R.Q.) were 
found to be 0.82 and 0.93 using the direct and in- 
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direct methods respectively. The latter value was 
reproducible in several experiments, but the former 
value varied greatly. Similar results have been ob- 
tained with N. crassa where respiration (8, 38) and 
fermentation (38) of glucose were studied. The com- 
plete inhibition of respiration may be explained by 
Warburg’s claim (39) that the indirect method is 
superior to the direct method. The absence of 
cyanide-insensitive respiration agrees with the failure 
to demonstrate the glycolic acid oxidase activity. It 
is probably true that the glycolic acid oxidase if 
present is of no physiological significance. 

No dye reduction could be observed from an 
ascospore homogenate. This could be due to the use 
of inadequate amounts of ascospores or to the com- 
plete absence of this enzyme. 


GENERAL DISCUSSION 


Judging from the evidence in the literature and 
from this work, it seems certain that the iron-con- 
taining respiratory enzymes, tyrosinase, and some of 
the flavoprotein oxidases are present in Neurospora. 
The role which each of these oxidases play in the 
overall respiration is not known at the present time. 
Owing to the presence of a tyrosinase inhibitor in 
N. crassa (5), this enzyme may not be important as 
a terminal oxidase. The amino acid oxidases do not 
appear to be directly linked to natural respiration; 
amination of the keto-acids involved in respiration 
must first take place and then be oxidized back to 
these keto-acids, representing a net loss of energy. 
Moreover, these oxidases are not inhibited by cyanide, 
whereas the mycelial respiration is. However, the 
increasing knowledge of the role of the hydroperoxi- 
dases may link these enzymes directly with respira- 
tion. The amino acids are known to produce hydro- 
gen peroxide on oxidation by oxidases, and this 
hydrogen peroxide is toxic and can be utilized by the 
cyanide-sensitive hydroperoxidases. 

Cytochrome oxidase seems to be the most im- 
portant member of the oxidases. Although, in these 
experiments, the total cytcchrome ec peroxidase 
activity has been shown to be greater than that of 
cytochrome oxidase, the exact physiological impor- 
tance of the peroxidase system needs further clari- 
fication. Information on the reaction rates of both 
enzymes which depend on both substrate and enzyme 
concentrations and data for turn-over numbers of 
the enzymes are required. The normal concentration 
of hydrogen peroxide in vivo is of the order of 10-° M 
(32), which is much smaller than the concentration 
of oxygen (order of 10°M, calculated from the 
Bunsen coefficient). This would argue against the 
peroxidase participation in the normal respiratory 
pathway. Notwithstanding whether the peroxidase 
is important or not, cytochrome ¢ seems to occupy an 
important position in the overall respiratory pattern, 
as it can be oxidized by at least two and reduced by 
three enzyme systems. The known oxidases found 
in this organism differ little from those ox other 
organisms, e.g., yeast. 
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SUMMARY 


1. The presence of the succinic oxidase system, 
succinic dehydrogenase, and cytochrome oxidase in 
Neurospora was confirmed. The cytochrome oxidase 
was found to localize on the intracellular particulates. 
This enzyme was found in both mycelial and asco- 
spore homogenates. 

2. The activities of cytochrome c reductases were 
demonstrated by coupling to (a) succinic acid, (b) 
reduced diphosphopyridine nucleotide, and (c) fe- 
duced triphosphopyridine nucleotide. 

3. Catalase and peroxidase were both found in 
the supernatant of a high speed centrifugation of a 
mycelial homogenate; they were also found in asco- 
spore homogenates. The presence of a cytochrome c 
peroxidase was demonstrated. 

4. A glycolic acid dehydrogenase was observed; 
it is not known whether this is the glycolic acid 
oxidase. There was no demonstrable cyanide-in- 
sensitive respiration. 

5. Aleohol dehydrogenase and malic enzyme were 
demonstrated in cytochrome ¢ reductase coupling 
experiments. 

6. Lacease 
detected. 


and aseorbic acid oxidase were not 


The author wishes to express his gratitude to 
Professor David R. Goddard for his advice and 
guidance throughout the course of this work. 
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EFFECT OF LIGHT ON THE FORMATION OF A PIGMENT IN THE 
TOMATO FRUIT CUTICLE? 


A. A. PIRINGER anp P. H. HEINZE 
HorticutturaL Crops ResparcH BrRaNcH ANpD Brorocicat ScieENCEs BRANCH, 
AGRICULTURAL MARKETING Service, U. S. DEPARTMENT or AGRICULTURE, 
PLant INDustrRY STATION, BELTSVILLE, MARYLAND 


Geneticists and plant breeders have for many 
years recognized differences in the color of the skins 
of fruit of certain tomato varieties and have classified 
the skins as yellow or clear. Duggar (3) reported in 
the walls of the epidermal cells an unidentified pig- 
ment whose presence or absence made the skins 
When combined with 


either yellow or transparent. 
lycopene, the red pigment in the flesh, the super- 
imposed yellow skin gave the fruit an orange-red ap- 
pearance, while with red flesh and a transparent 
epidermal wall the fruit appeared pink. 


Duggar mentioned further that young fruits 
placed at high temperatures failed to develop the red 
pigment in the flesh and appeared light yellow. He 
stated: “In such cases color seems to be due in the 
main to a deposition of pigment in the cuticular 
layer or cuticle and this unidentified pigment is with 
great difficulty extracted... .” Smith (6) noted that 
light during the ripening period had considerable ef- 
fect on the carotenoid content of the skins of tomato 
fruits and also influenced the color of the outer wall 
of the epidermal cells. 

In a preliminary note Heinze and Borthwick (4) 
reported that harvested mature-green tomato fruits 
exposed to short daily periods of light from an in- 
candescent-filament lamp ripened to an orange-red 
color in contrast to the pink color observed in fruits 
ripened in total darkness. Microscopie examination 
of the tomato skin showed that the pigment was in 
the cuticular layer of the epidermal cell walls. 
When small portions of the skin were removed from 
fruits of each of these lots and leached with acetone 
and petroleum ether, the carotenoids in the adhering 
cells were removed and the skin from the light-rip- 


1 Received April 19, 1954. 


ened fruit was bright yellow, while that from the 
dark-ripened fruit was clear or colorless. The differ- 
ence in appearance of the cuticle in the fruits ripened 
in light or total darkness was even more noticeable 
when the ripening occurred at temperatures at which 
no lycopene developed (32° to 35°C). Data from 
these preliminary experiments indicated that the 
threshold value for the light requirement to produce 
the yellow cuticle pigment was equivalent to that 
supplied by an ineandescent-filament lamp some- 
where between 0.0005 and 0.005 fe for one hour, or 
0.03 or 0.3 fe for one minute per day during the rip- 
ening period. 

After this approximation of the amount of white 
light needed to produce the pigment had been ob- 
tained the relative effectiveness of the different 
regions of the spectrum was investigated. The results 
of this and subsequent experiments on the influence 
of the energy and wave length of light on the cuticle- 
pigment development of ripening tomatoes are re- 
ported herein. 


MATERIALS AND METHODS 


Field-grown tomatoes of the Rutgers variety were 
used in all experiments. They were harvested as 
mature-green fruits with no yellow or pink coloration 
at the time of harvest and graded for uniformity of 
maturity. The tomatoes were handled in the same 
manner for all studies. Four fruits were randomly 
selected and packed firmly, with cheek exposed, in a 
quart strawberry box. Usually they were ripened in 
total darkness at 21° or 26.7° C except for the brief 
periods of treatment with light. In general, small 
samples per treatment were necessary because of the 
bulkiness of the plant material. 

Except in one experiment in which spectrograph 
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equipment was used, thie source of red radiation for 
all treatments was a group of 4500 A white fluores- 
cent lamps with a red cellophane filter which trans- 
mitted wave lengths longer than 5800 A. Since 
fluorescent lamps emit little or no far-red radiation, 
this filtered source provided reasonably pure red 
radiation. Far-red radiation was obtained from a 
sunlight source and a combination blue and red cello- 
phane filter which transmitted wave lengths beyond 
6950 A. 

At the desired stage of ripeness the tomatoes were 
removed from the dark and circular sections of the 
skin, 2.5 em in diameter, were removed with a sharp 
cork borer from the exposed cheek of the fruit. Each 
section was immersed in boiling water for one minute 
and then cooled immediately by immersion in cold 
water. With a scalpel, adhering tissue was scraped 
from each skin section and the section was placed in 
acetone. 

After being leached for several days the sections 
were placed in small vials of clear acetone for visual 
comparison with a standard to determine the degree 
of effectiveness of treatment. A subjectiyg method of 
color evaluation was necessitated by the extreme 
difficulty for complete extraction of the pigment from 
the cuticle as well as the difficulty of preparation and 
handling of the cuticle sections required for precise 
objective methods of measurement. The standard 
consisted of a series of treated sections prepared as 
previously described and selected to present a range 
of possible color intensities from the minimum, which 
was colorless, to the maximum, which was orange. 
Effectiveness of treatment was expressed as numerical 
designations for the range of color intensities as 
follows: O (colorless) through 3 (yellow tint) through 
6 (bright yellow) to the maximum, 9 (orange). 
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RESULTS 

Early experiments using Corning glass filters in- 
dicated a difference in the effectiveness of the red 
and blue regions of the spectrum to promote yellow- 
pigment formation in the cuticle. The spectrograph 
equipment described by Parker et al (5) for deter- 
mining action spectra was used to obtain more precise 
data on a number of regions of the spectrum. Twice 
replicated lots of two fruits each were irradiated once 
daily for 14 days at various regions in the spectrum. 
The nature of the equipment permitted exposure of 
only two fruits per treatment at a given station along 
the spectrum. The time of exposure at each station 
was selected from consideration of a previous experi- 
ment (4). An action-spectrum curve was obtained by 
plotting the data of table t. The points indicated in 
figure 1 are for color intensity values at a given wave 
length (station) and for a given energy. That is, a 
given tomato fruit was irradiated at a particular 
wave length and energy and the result was expressed 
as a color intensity value at that point. The curve 
was drawn through points of a similar color intensity 
of the value 5. A greater effectiveness was found 
for the red region than for other regions of the spec- 
trum (table I, fig ’). It was also found that only a 
few minutes of red radiation daily was sufficient to 
promote the yellow pigmentation in tomato cuticle. 
Additional studies were made to consider the effects 
on pigment formation of such factors as number of 
treatments with red radiation, the stage of fruit 
maturity, the time of treatment during the ripening 
period, the temperature during ripening, and the 
localization of the response. In all experiments where 
red radiation was applied the exposure period was 2 
minutes. 

Results of early experiments indicated a disturb- 


TABLE I 


Coror INTENSITY * 1n Tomato Frurr Curicres as INFLUENCED By Wave LeNotTH or LIGHT 
AND Periop or Exposure 


Wave Lenctu (A) 
AT CENTER OF 
STATION 


IRRADIANCE 


STATION . 
STATION ERGS CM* SEC 
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6440 
6180 
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5480 
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5030 
4930 
4810 
4710 
4620 
4540 


7,450 
6,950 
6,000 
5,700 
5,350 
4,950 
4,600 
4,200 
3,850 
3.400 
3,000 
2,700 
2,250 
2,000 
1,700 
1,450 
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* Numerical values represent color intensities as follows: 0 (colorless) through 3 (yellow tint) through 6 (bright 
yellow) to 9 (orange). _ 
** Mean of four readings. 
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Fig. 1. Action-spectrum curves for cuticle coloration 
in tomato fruits and floral initiation in cocklebur. 


ing variation within lots suspected of being due to 
differences in initial fruit maturity despite careful 
selection. An experiment was therefore conducted in 
which mature-green fruits were carefully reclassified 
in two groups of apparent but very slight differences 
in maturity and placed in total darkness for ripen- 
ing. Fruits in each of these groups were given one 
to ten consecutive daily treatments with red radi- 
ation for 2 minutes beginning the first day, after 
which each lot was ripened in the dark until 1 day 
after the last lot was treated, i.e., an 11-day ripening 
period. The ripening temperature was 26.7°C. The 


TABLE II 


Coror INTENSITY * 1n Tomato Fruir Cuticies as INFLvU- 
ENCED BY THE NUMBER OF Dairy TREATMENTS WITH Rep 
RADIATION AND THE Decree or INITIAL Fruit MATurItTy 
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* Numerical values represent color intensities as fol- 
lows: 0 (colorless) through 3 (yellow tint) through 6 
(bright yellow) to 9 (orange). 

** Each value represents an individual fruit. 
+ Maturity stage 1 indicates the more mature group. 
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results indicated a definite effect of maturity in that 
the more mature fruits exhibited the phenomenon 
earlier with respect to treatment and also that more 
than six daily treatments were superfluous (table 
II). The occasional fruit without yellow pigment 
after seven or eight treatments showed that the 
selection of fruit of initial uniform maturity continued 
to be a problem. 


TABLE III 


Cotor Intensity * 1n Tomato Fruit Cuticres as INFiv- 

ENCED BY THE NuMPéeR AND DistTRIBUTION or Dalry 
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* Numerical values represent color intensities as fol- 
lows: 0 (colorless) through 3 (yellow tint) through 6 
(bright yellow) to 9 (orange). 

** Each value represents an individual fruit. 

+ Dark control. 


Although the data presented in table II indicated 
that six daily light treatments early in the ripening 
period were sufficient to cause the development of 
the cuticle pigment, an experiment was performed to 
determine the effectiveness of one or more daily ap- 
plications of red radiation later in the ripening period 
on fruits kept in the dark prior to such treatment. 
Lots of four fruits each given various numbers of 
treatments with red radiation (one to five) were 
ripened for various periods at 21° C. in total darkness 
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before and after treatment, as outlined in table III. 
The total ripening period for all fruits was 12 days. 
It was apparent from the data in table III that 
several daily treatments, preferably five, must be ap- 
plied early during the ripening period. Treatments 
started after the fruits had ripened in total darkness 
for more than 5 days were ineffective in causing the 
formation of the yellow cuticle pigment. 

In the experiments just discussed development of 
lycopene pigment in the flesh of the fruit occurred 
regardless of the light conditions under which the 
fruits were ripened. This indicated a separate con- 
trol for formation of lycopene and the cuticle pig- 
ment. Further proof of this was given by another 
experiment in which lycopene formation was pre- 
vented. This was accomplished by ripening the fruit 
at a high temperature at which it was known that 
lycopene would not develop. Two lots of eight fruits 
each were held at 32°C during a 10-day ripening 
period. One lot was wrapped in black cloth and 
ripened in total darkness and the other lot was ex- 
posed 2 minutes daily to incandescent light for 10 
days. No lycopene developed in either lot. The 
cuticles of all fruits ripened in the dark were color- 
less; those of fruits ripened in the light were colored, 
the color ranging in intensity from a yellow tint to 
orange. 

Early experiments had suggested that the pig- 
mentation was restricted to the surface of the tomato 
exposed directly to the light and that the cuticle 
from the underside of the fruit was frequently color- 
less. This non-systemic nature of the light stimulus 
was demonstrated by an experiment in which several 
tomato fruits were individually wrapped with 
aluminum foil either completely or except for small 
exposed areas 3.5, 12.5, or 15.0 mm in diameter. 
Other fruits were not wrapped. The fruits were 
ripened at 26.7° C and the exposed areas were irradi- 
ated 2 minutes daily for 10 days. Circular sections 
of 2.5 em diameter were processed as in the other 
experiments. As would be expected, the cuticles of 
the non-wrapped fruits were bright yellow and those 
of the completely wrapped fruits were colorless. 
Sections from the 3.5 mm area exposed to light had a 
localized yellow area about 1 em in diameter. Those 
with larger exposure areas had an intense coloration 
in the center of the section with a yellow shading of 
the whole section toward the periphery. Although 
the effect does extend somewhat from the immediate 
area of the light exposure, it is still localized in that 
area. 

Experiments were also performed to determine 
whether the phenomenon of the reversal of the red 
effect by far-red radiation, as reported by Borthwick 
et al (1, 2) for lettuce seed germination and for 
photoperiodic control of flowering in Xanthium was 
present also for the yellow cuticle pigmentation. The 
first of this series of experiments involved two groups 
of fruits exposed to red radiation for 0 or 10 minutes. 
Lots of four fruits each from these two groups were 
then exposed to far-red radiation from a Corning 
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TABLE IV 


Coror Intensity * 1x Tomato Fruir Cuticres as INFLv- 
ENCED BY THE DuRATION Or Datty TREATMENT WITH RED 
AND Far-rep RADIATION 


MINUTES COLOR INTENSITY ** AFTER FAR-RED RADIATION 
OF RED — — 
RADIATION 0 MIN 4 MIN ‘16 Mr MIN 


0 0, 0, 0, 4 
10 5, 6, 6, 7 


64 MIN 





2, 2, , 3, 4, 
, 3, 3, 3, 3, 4 


1 
3, 


, 3, 3 2, 
,4,4 3 


* Numerical pare represent color intensities as a 
lows: 0 (colorless) through 3 (yellow tint) through 6 
(bright yellow) to 9 (orange). 

** Each value represents an individual fruit. 

* Dark control. 

t Red control. 


molded red purple ultra filter of 8 mm thickness with 
a sunlight source of light for 0, 4, 16, or 64 minutes, 
respectively. The fruits were ripened at 21°C and 
radiation treatments with red and far-red were made 
on 11 successive days. Ten minutes of red radiation 
with no far-red treatment induced the yellow pig- 
ment formation to a relatively high degree (table 
IV). Far-red given after similar red treatments re- 
sulted in markedly less pigment formation but more 
than in the dark control. The data also showed that 
far-red radiation alone had a slight promotive effect 
on pigment formation. 

Another experiment followed to determine whether 
multiple reversal was possible and whether the pig- 
ment response depended upon the last in a sequence 
of exposures to red and far-red, as was shown to be 
true for lettuce seed germination by Borthwick et al 
(1). Light treatments were made daily for 10 days 
on lots of four fruits each. These fruits were ripened 
at 26.7°C. The results of this experiment in which 
a sequence of up to four reversals was made in- 


TABLE V 


Cortor INTENSITY * 1n Tomato Fruir Cuticies As INFLU- 
ENCED BY THE SEQUENCE OF Rep AND Far-rep RADIATION 


TREATMENT ** ‘ 
Coror 


. NTENSITY Tf 
SEQUENCE sahara 
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R-F-R 

R-F-R-F 
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SorsssfeNne 


RAIOMouonse | 


Sssxnerexns 
— OTe Ore Or CO OF oO 


* Numerical values represent color intensities as fol- 
lows: 0 (colorless) through 3 (yellow tint) through 6 
(bright yellow) to 9 (orange). 

**R designates 2 minutes of red radiation from a 
4500 A white fluorescent source with a red cellophane 
aed which transmitted wave lengths beyond 5800 A; 

F designates 2 minutes of far-red radiation from a sun- 
light source and a combination blue and red cellophane 
filter which transmitted wave lengths beyond 6950 A. 

+ Each value represents an individual fruit. 
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dicated that the formation of the yellow cuticular 
pigment in tomato fruits was dependent upon the 
last of the sequence of exposures (table V). 

The importance of applying far-red radiation 
soon after the red radiation in order to show the 
reversal phenomenon has been demonstrated in other 
plant material.2 To determine whether this time 
relationship between applications of red and far-red 
radiation was true also for cuticle pigment formation, 
lots of four fruits each were subjected to seven daily 
light treatments and ripened at 26.7°C. for an ad- 
ditional 7 days. Various periods, 0 to 120 minutes, 
between the red and the far-red radiations were tried. 
An outline of the treatments, as well as the results, 
is given in table VI. As the period between appli- 
cations of the red and the far-red was increased there 
was a progressive loss of ability of the far-red radi- 
ation to reverse the effect of the red. 

In an attempt to identify the yellow pigment 
formed in the tomato skin, the pigment was obtained 
from cuticles of fruits ripened in the light and 
analyzed as described below. Cuticles from which 
the carotenoids had been removed by leaching with 
acetone and petroleum ether were used. When the 
cuticle was dissolved in alcoholic potassium hydroxide 
and the solution was neutralized with strong acid, 
the pigment was easily extracted from the aqueous 
layer with ethyl ether. Treatment of the ether 
solution with a sodium carbonate solution caused the 
pigment to be concentrated in the aqueous phase 
again. After neutralization of the sodium carbonate 
the pigment was re-extracted with ethyl ether. 
Evaporation of the ether solution left a residue 
soluble in acetone, ethyl acetate, and isopropyl 
alcohol; sparingly soluble in chloroform and dichlo- 
romethane; and insoluble in petroleum ether and 
water. Alkali intensified the yellow color. Basic 
lead acetate produced a yellow precipitate in an 
acetone solution and ferric chloride gave a brown 
coloration. The pigment gave the boric acid color 
reaction described by Wilson (7) for flavone deriva- 
tives, but the pigment could not be reduced to give 
the cyanadin test. 

An equal volume of petroleum ether added to the 
ethyl ether solution of the pigment caused it to 
precipitate. The precipitate was dissolved in ethyl 
acetate, spotted on chromatographic paper and de- 
veloped with ethyl acetate saturated with water. An 
Rf value of approximately .92 was obtained. With 
60 % isopropyl alcohol as the developer, Rf values of 
68 to .71 were obtained. There was no evidence of 
more than one compound in the colored zone on the 
chromatographic sheet, but the spots were not dis- 
tinct, indicating that other colorless impurities were 
interfering to some extent. Present evidence indicates 
the pigment is of a flavonoid type. 


2R. J. Downs, Plant Industry Station, Beltsville, has 
found a critical time period within which the far-red 
had to be applied to be effective in reversing the effect 
of the red on leaf expansion of dark-grown seedlings and 
flowering in cocklebur and in Biloxi soybean. 
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* Numerical values represent color intensities as fol- 
lows: 0 (colorless) through 3 (yellow tint) through 6 
(bright yellow) to 9 (orange). 

** Each value represents an individual fruit. 

+ Dark control. 

t Far-red control. 

* Red control. 


DIscussION 


Photoperiodic control of flowering in Xanthium 
saccharatum and the light regulation of germination 
of seed of Lactuca sativa var. Grand Rapids have 
identical action spectra (2). These action spectra 
have two very striking features; one is a region in 
the red that inhibits flowering of Xanthium and pro- 
motes germination of Lactuca seed, and the other is a 
region in the far-red that has the opposite effect, 
promoting flowering of Xanthium and inhibiting the 
germination of Lactuca seed. 

The fact that the light-controlled yellow pigment 
in tomato cuticles and the photoperiodic control of 
flowering in Xanthium are phenomena controlled by 
the same photoreaction is indicated by the similarity 
in action spectra (fig 1). That the production of 
light-induced yellow cuticle pigment could be reversed 
by far-red radiation is especially striking in view of 
the fact that far-red radiation similarly reversed the 
effect of red radiation in the photoperiodic control of 
Xanthium flowering and Lactuca seed germination. 
Moreover, the pigment formation was repeatedly 
reversible as had been shown to be true for Lactuca 
seed germination (1). With tomato cuticles, how- 
ever, it was found that far-red radiation alone would 
induce a slight yellowish tint and it is noteworthy 
that the bright-yellow-pigment formation induced by 
red radiation was never reversed completely to a 
colorless condition but rather to one of a slight tint 
characteristic of the effect of far-red radiation alone. 

There is little doubt that the same photoreaction 
regulates these seemingly unrelated phenomena — the 
photoperiodic control of flowering in Xanthium, the 
light controlled germination of Lactuca seed, and the 
yellow pigment formation in the fruit cuticles of some 
tomato varieties. 
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The pigment involved in the tomato cuticle 
seemed to be a flavonoid and it probably appeared as 
an end product rather than as the active receptor of 
the light stimulus. When the light treatment was 
restricted to a small area on the surface of the fruit 
the response was highly localized in the treated area. 
Whatever the action of the light, the response ap- 
parently occurred in living tissue adjacent to the 
cuticle and in the immediate area of the reception of 
the stimulus. The possibilities that suggest them- 
selves as to the action of the light in relation to the 
appearance of the pigment in the cuticle are (1) an 
effect of light on some form of the flavonoid pigment 
in adjacent tissue followed by diffusion of the pig- 
ment into the cuticle; (2) an effect of light on the 
transport of the preformed pigment to the cuticle; or 
(3) a combination of these two processes. The oc- 
currence of some decreasing pigment intensity away 
from the point of treatment in the localization study 
was more probably caused by diffusion of the pig- 
ment itself into the surrounding area rather than due 
to light diffusion from the point of treatment. Some 
of these processes can perhaps be elucidated when 
additional studies on the response of the pigment in 
tissues adjacent to the cuticle and analyses of the 
pigment are made. Although at present the origin 
of the yellow pigment in the tomato fruit and its 
precise chemical nature are unknown, a complete 
identification of the pigment may be helpful in 
identifying the precursor or in explaining the possible 
mechanism of the action of light in the formation of 
the pigment. 

The presence of the yellow cuticle pigment is 
known to be genetically controlled. The fact that the 
response is absent in certain tomato varieties does not 
necessarily indicate that the photoreaction controlling 
the phenomenon is absent, but possibly that some 
link in the chain between the receptor and the result- 
ing flavonoid pigment is missing and it is this link 
that is genetically controlled. 

The tomato has long had the reputation for being 
a photoperiodically indeterminate plant. It is note- 
worthy that a response is now found in one of its 
organs that, though not photoperiodic per se, is 
identical in action spectrum with the photoperiodic 
responses of other plant materials. 


SUMMARY 


1. The light-controlled production of a yellow 
pigment in the cuticle of fruits of the tomato variety 
Rutgers was studied. 

2. The yellow pigment was present in cuticles of 
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fruits ripened in light but ‘sent in those of fruits 
ripened in dark. 

3. Formation of the pigment in dark-ripened 
fruits can be induced by brief daily irradiations with 
light of very low energies early during the period of 
ripening. 

4. The effect of red radiation of longer than 5800 
A was the production of the yellow pigment. The 
effect of the red radiation was cancelled by subse- 
quent treatment with far-red radiation beyond 6950 
A, leaving the apparent effect of uninterrupted 
darkness. 

5. When fruits were immediately given additional 
cycles of red and far-red, the pigment response de- 
pended upon the last of the sequence of exposures to 
red and far-red. The action of the far-red to reverse 
the effect of the red tended to be lost if its appli- 
cation following the red was delayed too long. 

6. The action of the red and far-red light that 
controls the production of pigment in the cuticles of 
tomato fruit is identical with that regulating flower- 
ing of Xanthium saccharatum and for the seed germi- 
nation of Lactuca sativa var. Grand Rapids. 

7. The response, production of yellow pigment, 
was restricted to the general area of the light treat- 
ment. 

8. The yellow pigment involved in the cuticle 
phenomenon appears to be a flavonoid. 
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PHOTOSYNTHESIS IN CHLORELLA DURING INTERMITTENT 
ILLUMINATION OF LONG PERIODICITY ! 


C. P. WHITTINGHAM 2.3 
DEPARTMENT OF Botany, UNIversiTy oF MINNESOTA, MINNEAPOLIS, MINNESOTA 


Subsequent to a dark period of several minutes 
the rate of photosynthesis during the first seconds of 
illumination is generally less than that in the subse- 
quent steady state. This phenomenon has _ been 
described by the general term “induction.” Recently, 
Burk and Warburg (1), using a manometric method, 
determined pressure changes during light and dark 
for a suspension of Chlorella which was illuminated 
for periods: of three minutes or less alternated with 
equal dark periods. The pressure changes were in- 
terpreted as demonstrating that under these con- 
ditions the rate of oxygen production and carbon 
dioxide consumption during the light periods exceeded 
that of photosynthesis during the steady state; 
similarly the oxygen consumption and carbon dioxide 
production in the dark were greater than the steady 
state rate of respiration. These experiments are sub- 
ject to criticism because it appears improbable that 
during periods as short as one minute the manometer 
can respond sufficiently rapidly so that the observed 
pressure changes represent the metabolic rates with- 
out the complivation of physical lag. Subsequently 
Damaschke, Tédt, Burk and Warburg (2) deter- 
mined the consumption and production of oxygen 
using an electrochemical method. Few results have 


yet been published; these show that after a period of 
illumination from 5 to 30 seconds the oxygen con- 


sumption immediately following the cessation of 
illumination was greater than in the preceding or 
subsequent steady state. The effect was considerably 
smaller than that observed in the earlier manometric 
studies. The production of oxygen during the period 
of illumination corresponded to a quantum efficiency 
of 0.69 mole/mole quantum whereas measurements in 
the steady state gave a value of approximately 0.3. 
On the basis of these observations Warburg, Geleick 
and Briese (3) formulated a mechanism for photo- 
synthesis which postulated that during illumination 
the photochemical process was accompanied by an 
accelerated combustion process. During the steady 
state the net effect of the combined processes is ob- 
served; the two can only be observed independently 
as transitory phenomena during periods of alternate 
light and dark. 

Brackett, Olson and Crickard (4), who also used a 
polarographic method to determine the time course of 
oxygen consumption and production by Chlorella, 
were unable to observe transient phenomena of the 
type described by Burk, Warburg and collaborators. 


1 Received May 18, 1954. 

2 This research was done while the author was a visit- 
ing lecturer and research associate at the University of 
Minnesota. The work was aided by a grant from the 
Graduate School and by a contract with the Office of 
Naval Research (project NR 160-030). 

3 Present address: Botany School, University of Cam- 
bridge, England. 


The present paper reports observations on the 
time course of oxygen production and consumption 
by Chlorella in which oxygen was determined spectro- 
photometrically after combination with hemoglobin. 
The method has been used previously (5) but in the 
present investigation the change in optical density of 
the suspension consequent upon the formation of 
oxyhemoglobin was detected by a phototube and 
automatically recorded. Both the sensitivity and pre- 
cision of the method were thereby improved. 


METHODS 


Chlorella pyrenoidosa (Emerson strain) was 
grown as described in an earlier publication; a dilute 
solution of hemoglobin was prepared from bovine 
blood as described previously (5). The cells after 
centrifuging and washing were added to the prepared 
solution of hemoglobin in a vacuum (Thunberg) tube, 
the lower portion of which consisted of square tubing 
of 1 em side. The suspension was prepared in phos- 
phate buffer pH 6.8, the final concentration being 
3x10? M. After evacuation 0.5 ml 0.1 M potassium 
bicarbonate was added through the side arm (with- 
out introduction of air) and the tube shaken to 
equilibrate the liquid and gas phases. The concen- 
tration of carbon dioxide in the gas phase was cal- 
culated to be 3% by volume. 

The evacuated tube was then illuminated in one 
direction with light from a sodium lamp; in a 
direction at right angles it could be intermittently 
illuminated with light from tungsten filament lamps. 
Since the sodium lamp was supplied with alternating 
current whilst the tungsten source was supplied with 
direct current (storage battery) it was possible to 
distinguish their effect on the phototube by feeding 
the output of the latter to an AC amplifier. The 
phototube (RCA 929) was placed 2 cm behind the 
experimental vessel on the far side from the sodium 
source. The output of the amplifier was rectified 
and filtered and recorded on a Brown recording 
potentiometer. Figure 1 shows an electronic block 
diagram together with the optical arrangement. Two 
tungsten sources, C, were used (50 watt, G.E., 6 v.) 
one on each side of the experimental vessel. This 
light was filtered through 2.5 em saturated acidified 
ferrous sulphate solution, A, and then through 2.0 
mm heat absorbing glass UG 2, D. The distance 
from tungsten source to experimental vessel was 7 
cm. Light from the sodium source was confined to 
the wave length 589 my, the line at 568 my being 
eliminated by a suitable filter, B, 3.0 mm Corning 
2424. The experimental vessel was not thermostated 
but at room temperature 20 + 2° C. 

The absorption spectrum of hemoglobin and 
oxyhemoglobin for a part of the visible spectrum is 
shown in figure 2. At the wave length used for 
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Fic. 1. Diagram of the optical system together with 
a block diagram of the circuitry. A, satu.ated ferrous 
sulphate solution filter; B, Corning filter 2424; C, GE. 
tungsten bulbs 50 watt, 6 v.; D, heat absorbing filter, 
UG2. 


measurement formation of oxyhemoglobin results in a 
decrease in optical density and hence a greater volt- 
age being recorded on the potentiometer. Absorption 
by hemoglobin and oxyhemoglobin in the region of 
maximum absorption by chlorophyll is small and no 
correction is made for the small increase in trans- 
mission in this region resulting from the formation of 
oxyhemoglobin. A Chlorella suspension of the density 
used in these experimeris absorbs approximately 
50 % of the incident light at 589 my, thus decreasing 
the sensitivity for measurement of oxyhemoglobin. 
For a given cell suspension the rate of change of 
optical density will be inversely proportional to the 
concentration of hemoglobin. Decrease in the con- 
centration of hemoglobin, or alternatively increase in 
cell density decreases the difference in optical density 
between the suspension containing entirely oxyhemo- 
globin and that containing entirely hemoglobin. The 
most suitable concentrations were determined em- 
pirically and found to be for hemoglobin 7 x 10-°> M 
and for Chlorella 3 to 4 pl/ml suspension. Using the 
maximum possible amplification consistent with a 
low noise level the intensity of sodium light was re- 
duced to a minimum. When the suspension is illu- 
minated only with sodium light the cells will be re- 
ferred to as in the dark; the measured rate of 
respiration did not differ significantly from that 
measured in complete darkness. 

The whole of the cell suspension was illuminated 
both with the measuring and exciting light. The 
optical density of the suspension attained a maximum 
in the red (D=0.86, 1 em path, 680 my) so that 


particularly in the direction of the exciting beam the 
intensity of illumination varied with depth. The 
suspension was not stirred during the period of 
measurement. Settling of the cells was shown to be 
negligible during periods of 30 minutes measurement. 
At intervals throughout an experiment the experi- 
mental vessel was shaken gently; this restores the 
homogeneity of the cell suspension and also results in 
a partial deoxygenation of the hemoglobin due to 
equilibration of the liquid and gas phases. Further 
measurements with the same suspension can then be 
made without the necessity for re-evacuation. 
During measurements loss of oxygen to the gas 
phase is very small. In the useful range of oxygen 
pressure between 5 and 30 mm Hg (0.66 and 4.2 %) 
the relationship between oxygen pressure and the 
percentage of hemoglobin as oxyhemoglobin is nearly 
linear and the recorder reading may be taken as 
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Fic. 2. Absorption curves for hemoglobin (a), oxy- 
hemoglobin (b) and for a suspension of Chlorella (c). 

Fic. 3. Unretouched tracing of recorder chart during 
alternate periods of 1.5 minutes light and dark showing 
the change in optical density of the suspension due to 
the production and consumption of oxygen. Transients 
are produced when the light is turned on or off but the 
latter can be avoided by the use of a shutter as de- 
scribed in the text 
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directly proportional to oxygen pressure. At higher 
and lower oxygen pressures the relationship departs 
from linearity and a correction must be applied. The 
useful region of measurement represented a deflection 
of the recorder of 10 cm. The minimum detectable 
change (1 mm) represents the formation of 2.45 x 
10-°° M oxyhemoglobin which together with the in- 
crease in free oxygen corresponds to a production of 
0.1 pl oxygen. 

The method is both specific and rapid for the 
determination of oxygen. It is one order more sen- 
sitive than the usual manometric method but less 
sensitive than polarographic methods. Figure 3 
shows an unretouched tracing of the recorder chart 
showing the noise relative to the total output. 


EXPERIMENTAL RESULTS 


The maximum rate of apparent photosynthesis for 
the cultures used in these experiments was of the 
order of 20 cell volumes per hour. The apparent 
rate of respiration determined in the sodium light of 
weak intensity varied from 1.0 cell volumes/hr for 
the youngest cultures (3 days old) to 0.6 for the 
oldest (6 days old). The effect of intermittency was 
investigated using a range of exciting intensities re- 
sulting in rates of apparent photosynthesis between 
two and ten times the rate of respiration. 

Controls consisted either of hemoglobin in the ab- 
sence of Chlorella but partially oxygenated or using 
cells which had been killed by heating to 50° C for 
30 minutes. Since the exciting beam is continuous 
whilst the measuring beam is alternating no change 
in output from the AC amplifier results from steady 
illumination with the exciting beam; nevertheless 
transients are recorded at the moment when the ex- 
citing beam is turned on or off. Figure 4 shows the 
magnitude of these transients in a control. At the 
onset of illumination the transient persists for not 
more than 5 seconds; at the cessation of illumination 
the transient persists for about 8 seconds. These 
times represent the over all response time of the 
measuring system. When, in some experiments it 
was desirable to obtain readings immediately after 
the light was turned off, the phototube was shuttered 
during the last 20 seconds of illumination of the cell 
suspension; then, when the exciting beam was turned 
off the shutter was simultaneously removed from the 
phototube. The phototube was then in a steady state 
from the beginning of the dark period. This tech- 
nique was used in the experiments shown in figures 
3, 6 and 7. 

Oxygen consumption or production was deter- 
mined during periods of alternate light and dark of 
1, 2, 3 and 5 minutes, during periods of alternate 2 
minutes light and 1 minute dark, and one minute 
light alternated with 2 or 3 minutes dark. In no 
experiment was there any significant difference be- 
tween the rate of production of oxygen during the 
interrupted light periods and that determined during 
continuous illumination. A typical experiment is 
illustrated in figure 4. The light intensity is such 
that the rate of apparent photosynthesis is 4 times 
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the rate of respiration. A sequence of 8 cycles of 


one minute light and one minute dark were followed 
by a continuous dark period of 20 minutes and a light 
period of 6 minutes. The mean values for the 8 
periods are plotted. The data show no change in 
.Tate with time consequent upon the alternation of 
light and dark. In a similar experiment during 11 
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Fics, 4-7. Photosynthesis and respiration determined 
during periods of alternate illumination. The dotted 
line in figs 6 and 7 indicates when the photo-tube is 
shuttered. 

Fic. 4. Average values obtained during 8 cycles of 
alternate periods of 1 minute light-1 minute dark (a) 
compared with corresponding values for a control with 
killed cells (b). 

Fic. 5. Average values obtained during 5 cycles of 
alternate periods of 3 minutes light-3 minutes dark. 

Fic. 6. The time course of oxygen production fol- 
lowing periods of dark of 5 minutes (a) and 15 minutes 
(b). The first point on each curve is that at the instant 
the light is turned on. Measurements are also given for 
the average of a number of repeated cycles of 1.5 min- 
utes light alternated with 1.5 minutes dark (c) together 
with the average slopes for the steady state (d). 

Fic. 7. Comparison of the rates of photosynthesis 
and respiration in the steady state (a) with those dur- 
ing alternate periods of 3 minutes light and 3 minutes 
dark (b) and with those during 1.5 minutes alterna- 
tions (c). 
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cycles of alternate periods of one minute light and 
one minute dark, the mean rates of oxygen production 
and consumption in the light and dark were 78 and 
-l11 respectively. The corresponding rates during 
continuous periods of light or dark were 87 and -11. 
In these experiments the periods of alternation pre- 
ceded the steady state measurements. Since it has 
been previously observed (4, 5) that the induction 
phenomenon during the first period of illumination 
persists for a longer time than that following a sub- 
sequent aerobic dark period, in other experiments the 
procedure was reversed. The period of alternate 
light and dark then followed measuremerts in the 
steady state. No difference in result was obtained. 
In many experiments with periods as short as one 
minute the rate of oxygen production during light 
periods in the intermittent illumination was slightly 
less than that in the steady state indicating some 
induction loss. The effect of increase in dark time 
(under aerobic conditions) upon the time course of 
oxygen production in the light is shown in figure 6. 
Other experiments were made with cells which had 
been starved prior to measurement by placing the 
culture in dull light and aerating it with 5% CO, in 
air for at least 24 hrs. Figure 7 shows observations 
made with such cells. No difference in behavior 
resulted from this treatment. This observation is of 
some interest since cells treated in this way were 
shown by other methods to exhibit a marked anomaly 
or burst in the time course of carbon dioxide of the 
type previously described by Emerson and Lewis (6). 


The rate of consumption of oxygen during the 
dark periods of alternate illumination was observed 
in a few experiments to be slightly greater than that 


in continuous dark (fig 6). When this was the case 
it diminished during a subsequent extended dark 
period during the course of several minutes. Such a 
stimulation of oxygen consumption following a light 
period and decaying during the course of minutes 
has been reported previously (6) and confirmed by 
many workers. In some experiments particular 
attention was given to observations during the first 
seconds of dark. This was achieved by the use of 
the shutter device mentioned previously. Such ex- 
periments are shown in figures 3, 6 and 7 and clearly 
show that there are no marked changes in rate of 
oxygen consumption during the first seconds or 
minutes of darkness. 


DIscussION 


The experiments reported here provide no evi- 
dence that the rates of production and consumption 
of oxygen during alternate periods of light and dark 
are appreciably different from the rates observed 
during continuous illumination or darkness. Long 
dark periods decrease the oxygen production during 
the first seconds of illumination; the effect is small 
for dark periods less than 3 minutes. 

The results reported here do not confirm those of 
Burk and Warburg obtained with the manometric 
method. The two-vessel manometric method is not 
suitable for determinations during periods of rapidly 
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changing rates if there is a possibility of unequal 
physical lag in the two vessels. This possibility has 
been demonstrated and the consequences discussed by 
Nishimura, Whittingham and Emerson (7). How 
important such errors are in the measurements of 
Burk and Warburg cannot be decided on the basis 
of their published experiments. Nevertheless it is 
most desirable to regard the interpretation of such 
observations as questionable until confirmatory data 
are obtained by methods specific for the two gases 
involved. 

Brackett et al (4) were unable to observe the 
effects reported by Burk and Warburg when they 
used a polarographic method for determining oxygen. 
During periods of alternation the: rate of production 
of oxygen in the light was constant and of the same 
order of magnitude as in the steady state; this was 
also true for the consumption of oxygen in the dark 
compared with the dark steady state except for an in- 
crease in rate during the first ten seconds of darkness. 
This effect was not found in the experiments reported 
here although it was searched for. In the experiments 
of Brackett et al the cells were in the presence of 
air with 5% carbon dioxide. With the hemoglobin 
method and with the convection polarographic 
method used by Datnaschke, Todt, Burk and 
Warburg (2) the oxygen concentration ranges be- 
tween 0.3 and 4.0%. At these lower concentrations 
of oxygen photo-oxidative reactions are minimal. 
Damaschke et al used concentrations of carbon 
dioxide from 5 to 50%. However, since it is known 
that. concentrations of carbon dioxide even of 6-to 
7% cause inhibition of steady state photosynthesis 
in Chlorella the present observations were made with 
3% carbon dioxide. This concentration is sufficient 
to approach saturation even if we accept the un- 
usually high requirement claimed by Warburg, 
Geleick and Briese (8). 

In the present investigation cells were cultured 
both in tungsten and fluorescent light; at 27°C and 
at 11° C; in some experiments cells were centrifuged 
directly from the culture medium; in others cells 
were starved prior to measurement. These treat- 
ments did not result in any change in behavior with 
respect to transient rates. Whilst it may be sug- 
gested that special conditions of culture are necessary 
for the study of transients, so far precise information 
as to the nature of any such conditions is lacking. 


SUMMARY 


A spectrophotometrie method for determining 
oxygen after combination with hemoglobin is de- 
scribed. Using this method to determine the rates of 
photosynthesis and respiration in Chlorella during 
alternate periods of light and dark of one or three 
minutes duration showed that these rates were es- 
sentially the same as those during continuous light or 
dark. 


The author is grateful to Prof. Otto Schmitt who 
suggested the electronic circuits and loaned the 
amplifier and to Prof. Allan H. Brown who assisted 
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in the development of the apparatus and was a con- 
tinued source of advice and assistance. 


LITERATURE CITED 


1. Burk, D. and Warsurc, O. Ein Quantenreaktion und 
Kreisprozess der Energie bei der Photosynthese. 
Z. Naturforsch. 6b: 12-22. 1950. 

2. Damascukg, K., Tépr, F., Burk, D., and Warsure, O. 
An electrochemical demonstration of the energy 
cycle and maximum quantum yield in photosyn- 
thesis. Biochim. Biophys. Acta. 12: 347-355. 1953. 

3. Warsurc, O., Gereick, H., and Briesz, K. Uber die 
Aufspaltung der Photosynthese in Lichtreaktion 
und Riickreaktion. Z. Naturforsch. 6b: 417-424. 
1951. 

4. Brackett, F. §., Orson, R. A., and Cricxarp, R. G. 
Respiration and intensity dependence of photo- 
synthesis in Chlorella. Jour. Gen. Physiol. 36: 
529-561. 1953. 


477 


5. Hm, R. and Wuirrincnam, C. P. The induction 
phase of photosynthesis in Chlorella determined 
by a spectroscopic method. New Phytol. 52: 133- 
148. 1953. 

6. Emerson, R. and Lewis, C. M. The dependence of 
the quantum yield of Chlorella photosynthesis on 
wave length of light. Amer. Jour. Bot. 30: 165- 
178. 1943. 

7. Nisurmura, M. S., WuirtincHamM, C. P., and EMeEr- 
son, R. The maximum efficiency of photosynthe- 
sis. A critique of certain manometric methods 
used for measu. ing rates of photosynthesis. Symp. 
Soc. Exp. Biol. V. Carbon Dioxide Fixation and 
Photosynthesis. Pp. 176-210. Cambridge Univer- 
sity Press. 1951. 

8. Warsura, O., Gereicx, H., and Briese, K. Weitere 
Steigerung des Energiegewinns im Kreisprozess 
der Photosynthese. Z. Naturforsch. 6b: 285-292. 
1951. 


PHOSPHORUS NUTRITION OF SOYBEANS !:? 


ROBERT W. HOWELL 
U. 8S. Rectonat Soysean Lasoratory, URBANA, ILLINOIS 


New strains of crop species in variety develop- 
ment programs are continuously being evaluated 
with respect to one another and to established varie- 
ties. In such a program it is very desirable to know 
the effect of nutritional factors on the expression of 
characters utilized for selection. Because of the 
unique role of phosphorus compounds in metabolic 
processes and the extensive use of this element in 


fertilizers, studies of how plants respond to varying 
levels of phosphorus are particularly interesting. 
The objective of the present study is to determine 
the response of several soybean varieties to different 
phosphorus levels. 

The general literature on phosphorus nutrition of 
plants has been reviewed recently by Mulder (10) 


and by Hewitt (6). Therefore only those papers 
pertinent to the present study are reviewed here. 

Stumpf (15) discussed at some length the litera- 
ture pertaining to the accumulation, translocation, 
and assimilation of phosphorus in plants. Biddulph 
(3) and Rediske and Biddulph (13), discussed the 
utilization of iron, and pointed out that iron, al- 
though taken up, cannot be utilized by Red Kidney 
bush beans if a moderately high level of phosphorus 
is maintained. Weiss (17) found a similar relation- 
ship between the iron and phosphorus nutrition of 
certain varieties of soybeans. 

Eaton (4) studied the effects of phosphorus de- 
ficiency on the vegetative portions of soybeans of the 
variety Manchu 3 kept vegetative by an 18-hour 
photoperiod and harvested 35, 46, and 56 days after 
planting. A gradual increase in chlorosis was ob- 
served in the interveinal areas of the leaves of “minus 
phosphorus” plants. Similar chlorosis, which will be 
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2 Publication No. 259 of the U. S. Regional Soybean 
Laboratory, Field Crops Research Branch, Agricultural 
Research Service, U. S. Department of Agriculture. 


described and illustrated later, was observed in the 
work reported here and seems to be characteristic of 
phosphorus deficiency in soybeans. 

Mederski (9) studied the effects oy high and low 
levels of phosphorus supply on dry matter produc- 
tion and on the partition of N and P during the de- 
velopment of the soybean plant. He concluded that 
if P is supplied at a high level during the first eight 
weeks, it may be omitted thereafter with no effect 
on yield. 


MATERIALS AND METHODS 


Plants of soybean varieties Lincoln, Chief, Adams, 
and Illini were grown in nutrient culture apparatus 
in the greenhouse. Adams was used only in the first 
two experiments of the series; Illini only in the third. 

Seeds were germinated in a sand germination 
bench and allowed to grow there for about a week. 
The seedlings were then transplanted to 2-gallon 
glazed stone crocks. The crocks and the area around 
them were filled with no. 9 quartz sand. Two plants 
of a single variety were grown in each crock. The 
root systems of plants in the different crocks were 
thus isolated. 

Six crocks comprised a unit which v .s supplied 
from a common source of nutrient solution. Nutri- 
ent solutions described below were supplied from the 
time of transplanting, except that phosphorus was 
omitted during the first 10 days. New solutions were 
supplied at intervals of 10 or 11 days. 

In the first two experiments, each variety was 
grown under two sets of conditions: (1) “competi- 
tive,” i.e., plants of all varieties were supplied nutri- 
ent solution from a single source; and (2) “non- 
competitive,” ie. plants of only one variety were 
supplied from a given source. No difference was 
found between the performance of the varieties un- 
der these two sets of conditions. Only the first of 
these plans was used for the third experiment be- 
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cause it permitted a wider range of phosphorus con- 
centrations. 

The nutrient solutions when prepared contained 
the following salts in the concentrations indicated: 


Ca( NOs)s -4 H.O 
(NH,)S0, 

KCl 

MgSO, -7 HO 
Ferric tartrate 


CuSO, *5 H.0 
ZnSO, -7 H:O 


H;BOs 
MnCl. - 4 H.O 
Co(NOs): - 6 H:O 
The various elements were present initially in the 
concentrations shown below: 


294.0 
5 


ppm 


Element 
Boron 


Calcium 
Cobalt 0.011 
Copper 0.014 
Iron 10 
Magnesium 50.0 
Manganese 0.11 
Nitrogen 44.3 
Potassium 30.0 
Sulfur 76.0 
Zine 0.012 


ppm 


0.11 
50.0 


Phosphorus was supplied as phosphoric acid in 
the first experiment and as a solution of dibasic and 
monobasic sodium phosphate in the second and third 
experiments. The concentration of phosphorus was 
2 or 10 ppm in the first two experiments and from 
0.4 to 112 ppm in the third. 

Additional ferric tartrate was supplied at the rate 
of 5 ppm five days after the solutions were prepared. 
There was no other addition to the solutions after 
their preparation. 

A photoperiod of 14 hours was maintained 
throughout the experiments. Fluorescent lights were 
used to extend the natural photoperiod and to sup- 
plement natural illumination on cloudy days. 

Observations were made on the following char- 
acters: Agronomic—height; number of days to flow- 
ering; number of nodes; number of pods; diameter 
of third node and third internode; dry weight of 
stems; dry weight of roots; dry weight of seeds. 
Chemical—oil, protein, phosphorus and ash content 
of the seeds; iodine number of the oil and phos- 
phorus content of vegetative parts. 

Oil and protein were determined by standard 
methods (1, 2). Phosphorus in the oil was deter- 
mined by the method of Stoloff (14). Uptake of 
phosphorus by the plants was estimated from analy- 
ses—using the method of Parks et al (12)—of the 
nutrient solutions at the time they were discarded. 

The agronomic data in experiments one and two 
were analyzed statistically according to the follow- 
ing plan: 


Effect df 


Replications 3 
Varieties V 2 
Nutrient Levels 1 
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RV 
RL 
VL 
RVL 


The chemical data for these two experiments were 
analyzed aecording to the following statistical plan: 


Effect 
Replications R 
Varieties Vv 
Nutrient Levels L 
Competition C 

VI 


2 
=~ 


VC 
LC 
VLC 


Error 


| Bromnon emt ew 
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The main effect “competition” refers to whether 
plants of only one or of more than one variety were 
supplied from a single source of nutrient solution. 
An effect of competition on performance would be 
indicated by a significant interaction of varieties and 
competition, since this would show that the varieties 
did not respond alike to the change in competitive 
conditions. The chemical data were obtained from 
analyses of composite samples of all beans from a 
given treatment and could therefore be included in a 
single analysis of variance. The agronomic data of 
the “competitive” and “non-competitive” groups 
could not be conveniently combined for statistical 
analysis since there were different numbers of plants 
involved in the two groups. In a special statistical 
analysis no significant differences were found in the 
agronomic characters attributable to the condition of 
competition so only data from the “non-competitive” 
groups are presented. 

Data pertaining to agronomic characters and to 
oil and protein in the third experiment were analyzed 
statistically as follows: 


Effect df 

Replications R 3 

Treatments T 7 

‘TR (Error a) 21 

Varieties V 2 

VT 14 

Error b 48 
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RESULTS AND Discussion 
The difference in growth of soybeans in the early 
stages on 2 and 10 ppm phosphorus is shown in fig- 
ure 1. Even at this stage, plants with a restricted 
phosphorus supply were shorter and had smaller 
leaves than those of the other group. The appear- 
ance of leaves severely affected by phosphorus de- 
ficiency is shown in figure 2. The interveinal areas 
became necrotic very quickly after the first appear- 
ance of discoloration on the leaves. Necrosis began 
on either the primary or first trifoliate leaves and 
spread rapidly upward if no phosphorus was sup 


s 
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Fic. 1. Adams soybean plants, age 37 days, supplied 
, phosphorus at the rates of 2 ppm (left) and 10 ppm 
(right). 

Fic. 2. Lower leaves of Chief soybeans showing 
necrotic areas due to phosphorus deficiency. The ne- 
crosis developed after transplanting during the cycle 
when no phosphorus was supplied. 


plied. When phosphorus was supplied in subsequent 
cycles, the appearance of necrosis on the younger 
leaves was prevented, but the older leaves showed no 
recovery. 

The agronomic and chemical data from the first 
two experiments are summarized in tables I and II. 
There was a marked difference in response to the in- 
crease in level of phosphorus, using almost any of 
the agronomic or chemical characters as the measure. 
The size and yield of plants receiving phosphorus at 
the rate of 10 ppm were greater and the beans con- 
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tained more oil, with a lower percentage of protein. 

The higher phosphorus level apparently favored 
shoot over root growth. In five of six comparisons 
involving the three varieties in the first two experi- 
ments, the shoot/root ratio was higher in plants from 
the 10 ppm cultures than in those from the 2 ppm. 

Although there were significant differences be- 
tween the varieties for most characters under ob- 
servation, in the first experiment only the oil per- 
centage and in the second only four of the agronomic 
and none of the chemical characters showed a signifi- 
cant interaction of variety and phosphorus level. It 
will be shown below that such interactions might oc- 
cur more frequently when a wider range of phos- 
phorus levels is provided. 

In the first experiment there was a swelling of 
the lower nodes associated with the 2 ppm P level, 
as is shown by the higher “swelling” index. The 
swelling was not observed on plants receiving 2 ppm 
P in the second experiment. 

In order to obtain information regarding the re- 
sponse of soybeans to a wider range of phosphorus 
lyvels, plants were grown at levels from 0.4 ppm to 
112 ppm. The resulting data are presented graphi- 
cally in figures 3 to 8. Observations of other char- 
acters included in tables I and II gave comparable 
results and are omitted. 


TABLE | 
Errsects or Two Levers or PHousPprrerve-or AGRONOMIC CHARACTERS OF SOYBEANS 


NUMBER 


L1G 
HEIGHT OF NODES 


FLOWER 


MEAN VALUES PER PLANT 








SEED 
WEIGHT 


Roor 
WEIGHT 


STEM 
WEIGHT 


NUMBER 
OF PODS 


SWELLING 
INDEX * 





gm 


Experiment 1 


12.4 
15.3 
12.6 
115 
10.8 
10.3 


Lincoln 2 ppm 
Lincoln 10 “ ‘* 
Chief 2 
Chief 10 
Adams 2 
Adams 10 


F values df 
Varieties 
LevelsofP 1 
VL inter- 

action 2 


13.88 ** 
56.57 ** 


ns. 


— 


9.3 
16.5 
$7 
14.3 
72 
11.8 


ad ad ot eh wt 
=BRSER 


5.61 * 
18.62 ** 


5.40 * 
61.17 ** 


12.26 ** 


61.42 ** 104.09 ** 


ns. ns. 


Experiment 2 


43.5 
426 
46.0 
47.0 
448 
443 


14.3 
15.8 
15.4 
18.5 
13.5 
16.3 


Lincoln 2 ppm 
Lincoln 10 “ ‘ 
Chief 

Chief 10 
Adams 2 
Adams 10 


F values df 
Varieties 2 
Levelsof P 1 
VL inter- 

action 2 


133.7 
138.4 
200.4 
109.0 
156.7 


251.30 ** 
599.74 ** 


97.33 ** 


ns. 


57.00 ** 
212.30 ** 
8.83 * 


62.29 ** 8.31 * 


31.7 


be fae 


46.33 ** 
283.30 ** 


73.75 ** 
1,017.50 ** 


46.75 ** 


ns 


18.71 ** 


ns. 


ns. ns. ns. 





* Ratio of third node to third internode is used as an index of swelling of lower nodes. 


* Significance at P = 0.05 level. 
** Significance at P = 0.01 level. 








Errects or Two Levers or PHospHoRUs ON CHEMICAL COMPOSITION oF SOYBEAN SEED 
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TABLE II 


Y 




















Experiment 2 


IN PERCENT Wus 
- ee — ———. IODINE 
Om PROTEIN ASH PHOSPHORUS NUMBER 
Experiment 1 
Lincoln 2 ppm P 19.9 38.9 4.69 A2 134 
Lincoln eae i ( 22.4 32.9 6.03 85 132 
Chief ee Pe 19.6 38.9 4.96 A3 134 
Chief late 21.5 33.5 5.96 82 132 
Adams oe ee 20.7 38.8 482 43 133 
Adams 2. :* 22.0 34.2 5.72 78 131 
F values df 
Varieties 2 23.35 ** ns. ns. ns. 401* 
Levels of P 1 395.69 ** 451.86 ** 58.25 ** 255.14 ** 26.72 ** 
: VL interaction 2 14.91 ** ns. ns. ns ns. 
Variety-competition 
interaction 2 ns. ns ns ns. j 





































Lincoln 2 ppm P 19.7 43.6 5.00 a SA Pe ree f 
Lincoln WE a ee 20.6 40.5 6.01 ) See ee ee a 
Chief » re Pte 19.1 43.3 5.04 | Fea ce ee ; 
Chief ee: * 19.9 40.9 5.96 ats. Cae q 
Adams eo Se 20.1 43.3 491 eR ay 
Adams 0 Sa 21.0 39.9 Re" oe eaewn 








F values df 
Varieties 2 21.29 ** ns. ns. ite = ee ees 
Levels of P 1 47.97 ** 182.05 ** 273.00 ** ee 2 ee 
VL interaction 2 ns. ns. ns. ee 
Variety-competition 
interaction 2 ns. ns. ns eS 2 eo ret 





* Significance at P = 0.05 level. 

** Significance at. P = 0.01 level. 

Two facts are clear from these data: (1) under 
the conditions of these experiments, 2 and 10 ppm 
phosphorus are both intermediate levels, at least for 
the variety Chief; and (2) the varieties differ mark- 
edly in their response to phosphorus. Growth of 
Lincoln and Illini plants was drastically curtailed by 
50 or 112 ppm. phosphorus (figs 3, 4, 6). Chief 
plants continued throughout the entire series of con- 
centrations to show an increase in yield and number 
of nodes but not in height. Furthermore, the oil 
percentage in Chief beans increased over the entire 
series. 

Lincoln plants performed more efficiently at the 
lower phosphorus concentrations. It will be seen 
(fig 4) that a seed yield equal to that of Illini at 4.5 
ppm P would be produced by Lincoln on about one- 
third as much phosphorus. Chief was intermediate 
between the other varieties at this and other low 
phosphorus levels. 

The 5-year average yields (1949-53) of these 
varieties in experimental plots at Urbana are as fol- 
lows: Lincoln, 36.5 bu/A; Chief, 32.2; Illini, 29.0. 
It appears possible, therefore, that the relative pro- 
ductivity of these varieties may be partially deter- 
mined by their relative efficiency in utilizing phos- 
phorus. 

As was found in the first two experiments, the 





phosphorus level affected the number of days to 
flowering very little, the principal effect being a slight 
retardation at the extremely low or extremely high 
phosphorus levels. 

Data on phosphorus uptake and recovery are 
presented in figure 5. “Uptake” is the phosphorus 
disappearing from the solution during the periods 
between changes, including losses through precipita- 
tion, as well as phosphorus taken up by the plants. 
“Recovery” is the sum of the amounts of phosphorus 
found in the beans and vegetative parts, excluding 
the leaves. Recovery at levels up through 4.5 ppm 
was better than 95%. This shows that phosphorus 
loss due to precipitation was not serious and that 
substantially all phosphorus in the leaves was trans- 
located (presumably to the seed) before the leaves 
became senescent. At higher levels, recovery was 
progressively poorer, probably indicating that in- 
creasing amounts of phosphorus remaihed in the 
leaves or were lost through precipitation, in the 
nutrient solution. 

There were differences in the amounts of phos- 
phorus recovered from the different varieties (table 
III), Lincoln plants containing the most at lower to 
moderate levels of supply. There appears to be an 
interaction between varieties and phosphorus level, 
but this could not be tested statistically -since stem 
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Fics. 3 to 8. Performance of three varieties of soybeans grown on nuirient solutions and supplied phosphorus 
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at specified concentrations at beginning of each nutrient solution cycle of 10-11 days. 


Fic. 3. Average height at maturity. 
Fic. 4. Average weight of seed produced per plant. 


Fic. 5. Utilization of phosphorus (average of all varieties) —“uptake” is the % available phosphorus disappear- 
ing from solution as determined by analysis of solutions at end of cycle, “recovery” is the amount of phosphorus 
found upon analysis of beans, pods, stems and roots as a percentage of “uptake.” 


Fic. 6. Average number of nodes at maturity. 
Fic. 7, Average % oil in beans. 
Fic. 8. Average % protein in beans. 


and root samples from all replications were com- 
posited before chemical analysis. 

The ratios of third node to third internode were 
significantly greater in the lower concentrations in 
the third experiment, agreeing with the data of the 
first experiment but not the second in this regard. 
Since the first and third of these experiments were 
carried out in the spring when day length and the 
intensity of natural illumination were increasing, it 
may be that the absence of swelling on plants in the 
second experiment was due to unrecognized light 
effects. Tentatively, however, it is concluded that 





such swelling may be an indication of phosphorus 
deficiency. 

The data presented above show clearly that the 
increased vegetative growth on a more nearly ade- 
quate phosphorus supply, as reported by Eaton (4), 
results in increases of both yield (seed weight) and 
the proportion vi oil stored in the seed. The in- 
creased synthesis of lipids may simply indicate a more 
favorable environment at the higher phosphorus level, 
since it has been found that the oil percentage will 
also be increased by more favorable temperature (7) 
and by irrigation under drought conditions (18). 
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TasB.eE III 


PxHosPHoRUS RECOVERED FROM SOYBBAN PLANTS GROWN IN NUTRIENT SOLUTIONS 
or DIFFERENT PHOSPHORUS CONCENTRATIONS 


P CONCENTRATION IN NUTRIENT SOLUTION (PPM) 


VARIETY 


2.0 45 10.0 22.4 


mg per plant 
241.58 
230.99 
181.57 


12.72 * 
12.60 29.31 60.94 
10.61 ** 27.19 54.12 


30.98 71.44 167.71 
137.09 


106.42 


Lincoln 
Chief 
Illini 


314.42 
323.07 
232.72 


23.35 ** 
441.59 
80.47 


4.16 ** 
553.49 
19.71 ** 


. ‘dieu are the sums of weight of Aieatadiien rec some from all plant parts except the a aa 
** These figures include estimates of amount of phosphorus in beans as the total yield was too small to permit 
phosphorus determination. 


There is also a possibility that the phosphorus 
level, by modifying the supply of organic phosphorus 
compounds, has a more specifie effect on the oil 
forming mechanism. For instance, Kornberg and 
Pricer (8) have recently reported the enzyn.atic 
esterification of L-a-glycerophosphate and two moles 
of a 16- or 18-carbon fatty acid with accompanying 
conversion of two moles of adenosine triphosphate 
(ATP) to inorganic pyrophosphate and adenosine-5- 1. 
phosphate. Catalytic quantities of coenzyme A were 
required. Van Baalen and Gurin (16) have shown 
that the incorporation of acetate to form fatty acids 
of longer chain length is dependent on the concentra- 
tion of diphosphopyridine nucleotide and ATP as 
well as coenzyme A. The evidence, therefore, impli- 
cates phosphorus compounds = both (1) the forma- Eaton, 8. V. Effects of phosphorus deficiency on 
tion of fatty acids, and (2) their esterification to growth and metabolism of soybean. Bot. Gaz. 
form oils. 111: 426-436. 1950. 

The presence of a similar system in plants may be . Green, D. E. The citric acid cycle and the cyclo- 
inferred from the work of Newcomb and Stumpf (11) phorase , Chap. X. In: Respiratory En- 
who found that synthesis of fatty acids by peanut zymes. H. A. Lardy, ed. Burgess Publ. Co., 
cotyledons was inhibited by dinitrophenol, a com- Minneapolis, Minnesota. 1949. 
pound which has been reported by Green (5) to in- Hewirr, E. J. The role of the mineral elements in 
hibit the esterification of phosphate. plant nutrition. Ann. Rev. Plant Physiol. 2: 25- 

52. 1951. 

. Howerrt, R. W. and Carrrer, J. L. Physiological 
factors affecting composition of soybeans. I. Cor- 


most of the chemical analyses; 
the Statistical Service 
Illinois for assistance 


Dr. H. W. Norton and 
Unit of the University of 
with the statistical treatment; 
Drs. J. B. Hanson, R. D. Osler, .A. H. Probst, C. R. 
Weber, and Messrs. Collins and Krober for technical 
criticism; Mr. R. J. Dandeneau for editorial criticism. 
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SUMMARY 
The effect of the level of phosphorus in the 


nutrient solution on several agronomic and chemical 
characteristics of soybeans was studied. 

The relative growth of plants on 2 and 10 ppm P 
and the characteristic appearance of leaves of plants 
suffering from phosphorus deficiency are illustrated. 

It was found that increase in the phosphorus level 
from 2 to 10 ppm resulted in taller and heavier 
plants, greater yield, and a higher oil content in the 
beans of all of the varieties used. 

A marked difference in varietal response was ob- 
served when a wider range of phosphorus levels was 
provided. The variety Chief continued to respond 
favorably to phosphorus levels as high as 112 ppm, 
whereas, the varieties Lincoln and Illini were ad- 
versely affected by levels of 50 or 112 ppm. 

There was little or no effect of the phosphorus 
level on the number of days to blooming. 
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BRIEF PAPERS 
THE EFFECT OF VOLATILE SUBSTANCES RELEASED BY SOIL, 


HUMUS, AND COMPOSTS ON THE GROWTH 


Recent investigations of Cholodny (1, 2) revealed 
that volatile organic substances given off by soils and 
manures caused pronounced differences in the lon- 
gevity and the rate of growth of exciced roots. In 
his opinion, the effect of volatile substances presents 
interest from standpoints of plant physiology, plant 
nutrition, and soil science. The role of volatile sub- 
stances in the “biogenic structure” of soils was 
pointed out previously by Vernadsky (6). 

The writers thought that the observations of 
Cholodny might prove valuable in regeneration of 
forest by partial cuttings and in production of nursery 
stock. Therefore, the experiments of Cholodny were 
repeated, and, in the course of time, his “biotest”’ 
was subjected to several modifications. The in- 
vestigatior > included different types of holorganic 
and hemorganic forest humus and composts prepared 
from sawdust. Roots of blue lupine were used as 
indicators. A modified technique of analysis and the 
results obtained are reported in this paper. 





Wig. 1. 
growth effects of volatile organic substances on the ex- 


Apparatus for the determination of the 
cised roots. The lower part of desiccator serves for 
placement of test soil or organic material; the calibrated 
glass plate with aluminum supporter accommodates ex- 
cised roots. 


1 Received August 26, 1953. 
2In cooperation with the Wisconsin Conservation 
Department and with the support of the Research Pro- 
gram on the USS.R. Publication approved by the 
Director. 
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About 200 ml of air-dry soil or organic material 


are placed in a small desiccator. The lid of the 
desiccator *s covered inside with filter paper. An 
aluminum stand, supporting an inclined giass plate, 
5.5 x9 cm, is installed above the test material. The 
glass plate is provided with a scale drawn by means 
of a diamond pencil. The seeds of the test plant are 
planted in sterilized quartz sand, and _ seedlings 
allowed to grow until their roots reach an approxi- 
mate length of 7 em. Eight excised roots, exactly 3 
em long and of similar diameters, are placed care- 
fully on the wet glass plate where they are held by 
the surface tension of the water (fig 1). Depending 
on its water holding capacity, the material analyzed 
is moistened with from 25 to 50 ml of distilled water. 
The inside walls and the lid of the desiccator are 
sprayed with distilled water by means of an atomizer. 
The desiccator is closed and placed in an incubator 
at 20 to 23°C. The maintenance of suitable and 
uniform temperature. proved to be of extreme impor- 
tance for obtaining dependable results. 

The roots are observed at daily intervals and 
their growth is measured within precision of 0.5 mm. 
In the initial stages of the test, as a rule, the phenom- 
enon of guttation occurs. Under favorable con- 
ditions, the segments produce normal root hairs with- 
in 24 hours and remain turgid for several days. 
After each 48 hours the roots and the inner surface 
of the desiccator are sprayed with distilled water. 
The loss of turgor and browning of root tips indicate 
the cessation of growth of root segments. The re- 
sults are expressed in terms of average total lengths 
of root growth and longevity of roots. In spite of 
careful selection of seed and test plants, individual 
roots occasionally exhibit abnormally slow or rapid 
growth. Such exceptions should be rejected in cal- 
culation of the average data, following the principle 
of the extreme mean test (4). 

The investigation included the following natural 
and artificially prepared organic materials (7): 
hemorganic prairie mull humus, derived largely from 
the remains of roots of tall prairie grasses; hem- 
organic crumb mull humus, formed by the action of 
Lumbricus earthworms; holorganic Douglas fir mull 
humus of amorphous or fine grained structure, de- 
veloped by arthropods; holorganic hardwood-hemlock 
bran-like mor, developed by arthropods; hardwood- 
coniferous matted mor, consisting in a large part of 
fungous mycelia; hemlock saprogenous, partly ligni- 
fied matted mor; fresh hard maple and speckled 
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TABLE I 


Tue Growrn or Excisep Roors or Brug LUPINE UNDER 
THE INFLUENCE or VoLATIZE OrcANIc SusBsTANCES ReE- 
LEASED BY DiFFERENT GENETIC Types or Forest Humus 


AVE 
LONGEVITY 
IN DAYS 


TOTAL ROOT 
GROWTH 
IN MM 


TYPE OF HUMUS 


Control: distilled water 

Rhizogenous prairie mull 

Lumbricus crumb mull 

Arthropod amorphous ectorganic 
mull 

Arthropod bran mor 

Mycelial matted mor 

Saprogenous, partly lignified mor 


worn 
or St bo 


9h B 
00 S to wr 


alder sawdust; similar sawdust treated with an- 
hydrous ammonia and phosphoric acid, and similar 
chemically treated sawdust, decomposed by the 
action of Coprinus ephemerus. Detailed information 
on the properties of these materials was reported by 
Davey (3) and Mader (5). 

The results of investigations are presented in 
tables I and II. Under the conditions of these 
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Tas.e II 


Tue GrowrtH or Exctsep Roots or Brug LUPINE UNDER 
THE INFLUENCE OF VOLATILE SUBSTANCES RELEASED BY 
Naturist OrcAnic MaATerIALs AND Sawpust Composts 








AVE 
TOTAL ROOT 
GROWTH 
IN MM 


AVE 
LONGEVITY 
IN DAYS 


TYPE OF MATERIAL 


Fresh hard maple sawdust 2.7 
Hard maple sawdust treated with 
anhydrous ammonia and phos- 
phorie acid 
Chemically treated and fermented 
hard maple sawdust 
Chemically treated and fermented 
speckled alder sawdust 
Hardwood-hemlock leaf mold ... 





studies, volatile substances released by the surface 
layers of some forest soils exerted a definite influence 
on the growth of excised roots: This influence was 
especially pronounced in roots exposed to arthropod 
mor and lignified mor (fig 2). The former type of 
humus is known to provide an excellent seed bed; 
the latter is characterized by a restricted capacity 
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Fic. 2. Effect of volatile organic substances released by different genetic types of humus on the growth of 


excised roots of blue lupine (duplicate determinations). 


Top: Average growth of 5.3 mm produced under the influ- 


ence of arthropod bran-like mor; Bottom: Average growth of 0.8 mm produced under the influence of saprogenous, 


partly lignified mor. 
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for natural forest reproduction. The observed effects, 
however, may not be directly applicable to natural 
conditions because the environment in a closed desic- 
eator differs from the environment in an aerated 
humus layer. Consequently, the knowledge of the 
effects of ‘humus layers on the course of natural 
forest regeneration will require additional investi- 
gations in situ with an appropriately modified tech- 
nique of analysis. 

The results obtained with unfermented and fer- 
mented composts clearly show the danger involved 
in application of highly concentrated organic fer- 
tilizers, as well as the “detoxicating” effect produced 
by the action of microorganisms. 

Modern agronomical and silvicultural practices 
include the use of a great number of toxic organic 
compounds for the control of weeds, harmful insects, 
and parasitic fungi. Therefore, Cholodny’s biotest 
may prove to be of considerable value in the ap- 
praisal of different treatments of soils and may lead 
to better management techniques. It is likely that 
the study of the gaseous phase ‘of soiis will reveal 
other interesting relationships. 









It was the purpose of the present paper to show 
that there are distinct differences in time of survival 
of Pinus ponderosa Dougl. leaves of different ages 
when leaves or entire branches were excised. It is 
often assumed that all leaves of a single tree are ex- 
actly the same in general physiological characteris- 
ties so that the age factor can be ignored in compar- 
ing certain other factors among different species of 
trees. 

Branches of ponderosa pine were cut from trees 
in their natural habitat on the south slope of Mos- 
cow Mountain. These branches were seven feet long 
and about three inches in diameter at the cut end. 
Some were allowed to dry as they were on the labo- 
ratory table; others had their leaves removed by 
cutting them off at the base of the fascicles. These 
excised leaves were arranged in groups of three fas- 
cicles per group with four different ages and three 
replications for each age. The 12 groups of leaves 
were weighed every 24 hours after their bases were 
sealed in paraffin-beeswax. 

Both attached and detached leaves were observed 
for color changes: The color change from grass 
green to light green is quite definite in dehydrating 
leaves kept in subdued light at room temperature. 
This light green color most closely resembles the 
parrot green given in the Ridgway color tables (7). 
When the leaf shrinks with dehydration and also 
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Fic. 1. Rates of mortality in ponderosa pine leaves 
of various ages. Three replications of each of four years 
numbered 1 to 4 are plotted as percentage dead (light 
green) over the number of days since removal from the 
twigs. Replications in one age are shown by the same 
kind of line, dashed, dash-dot, or continuous. 


changes color to light green the cells have never been 
found to recover with subsequent rehydration as in- 
dicated by the tetrazolium chloride test (5, 6). 
There are circumstances, such as with leaves that 
have been warmed very rapidly from low tempera- 
tures, when the leaf color may become lighter and yet 
the leaves still give a positive tetrazolium test, but 
this has not proven to be the case with the dehydra- 
tion phenomenon. The fact that ponderosa pine 
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Fic. 2. Rates of loss in weight of the same ponder- 
osa pine leaves as shown in figure 1. Replications have 
been averaged for each age shown by numbers 1 to 4. 
Weight at time of weighing is divided by original weight 
and plotted over time since start of experiment. 


leaves give a positive tetrazolium test three months 
after excision if kept moist and weakly illuminated 
suggests that mere excision is not the cause of the 
tetrazolium test deterioration with time. 

The occurrence of mortality of leaves since tire 
of removal from branches is shown in figure 1. The 
older the leaves, the sooner they died. The reason 
for this phenomenon is suggested by the data shown 
in figure 2 in which the decline in weight of leaves 
for various ages is plotted over time of excision. Re- 
sults with leaves still attached to branches showed 
that all leaves lived longer than when excised, but 
here again the older leaves died before the younger. 

The decline in weight in these excised leaves is, 
in our opinion, almost entirely due to water loss. 
This idea is supported by many lines of investiga- 
tion. First of all the water from these leaves has 
been collected in desiccants and the weight loss is 
more rapid with more effective desiccants. Secondly 
a number of toluene reflux extractions of water have 
been made on these leaves and the results compared 
with the loss of weight in the oven at 110°C. It has 
been found that 98 % of this loss of weight in the 
oven can be accounted for by water. Thirdly, respi- 
ration rate (CO, released in the dark) from excised 
leaves has been found to decrease with increasing 
age of leaves. The tetrazolium test has also been 
found to be weaker in older leaves, indicating less 
enzyme activity as the leaves become older. It 
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therefore would be difficult to explain the more rapid 
weight loss in the older leaves on this basis. 

Other reasons for the greater senility of older 
pine leaves have been suggested in the literature. 
Molisch (4) diseussed some years ago the increasing 
accumulation of total mineral content per fresh 
weight as conifer leaves become older. He suggested 
that this somehow contributed to their senility, 
pointing especially to silicification of epidermal and 
guard cells. Haberlandt (3) mentioned that guard 
cells become more inert with age in certain other 
plants, a fact that might explain the more rapid 
water loss from older leaves, although this could be 
a cuticular change. 

Other differences in ages of conifer leaves have 
been recorded. Gail and Cone (2) found that both 
pH and osmotie pressure increased, with age in pon- 
derosa pine leaves. More recently photosynthesis 
has been shown to decline noticeably with age in a 
number of conifers and especially in ponderosa pine 
(1). 

Leaves of ponderosa pine when allowed to stand 
in the laboratory, whether attached to cut branches 
or removed from them, showed definite gradations in 
rates of mortality with increasing age. The older 
the leaves, the more rapidly they died. Weighing 
the leaves at intervals showed that this was closely 
related to the rapid drop in weight in the old leaves 
as compared to the slower drop in the younger. The 
weight decrease is believed to be caused by water 
loss. 
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Seeds and reproductive tissues of plants generally 
contain larger quantities of Mg and of K than of Ca 
(3, 5, 7, 8). Every analysis of seed given by Beeson 
(1), except an oat sample high in hull material, in- 
dicated the presence of more Mg than Ca in seeds. 
Seeds of ten plant species other than citrus analyzed 
in this laboratory all contained more Mg than Ca on 
the equivalent basis. Cooper, Paden, and Garman 
(3) have said that “plants have apparently developed 
some mechanism for excluding excessive quantities of 
calcium from seed and other storage tissues concerned 
with reproduction.” 

The analysis of a large number of citrus seed 
samples, however, has indicated consistently that 
citrus seeds contain either as much as or more Ca 
than Mg. The same existed for both seed coats and 
embryos. Some of these data are in table I. The 
methods of Toth et al (6) were used for K, Ca, P, 8, 
Fe, and Mn; the method of Drosdoff and Nearpass 
(4) for Mg; and the Kjeldahl method with CuSO,- 
K,S8O, as catalyst for N. The Ca values reported 
were obtained by flame photometry. A check of 
thirteen of the samples with oxalate precipitation 
followed by permanganate titration gave means of 
0.37 percent compared with 0.31 for flame photo- 
metry. For both methods the percent and equivalents 
of Ca exceeded those of Mg. Insofar as the author is 
aware, there is no report of citrus seed composition in 
the literature. 

Mature citrus leaves contain from about four to 
seven percent Ca on the dry weight basis (2), which 
is higher than the average for leaves of plants. On 
the assumption that there may be a relationship be- 
tween the Ca content of leaves and of seeds, correla- 
tion coefficients were determined for Ca and Mg in 
seeds and leaves for a number of plant species. The 
following values were obtained: Ca seed x Ca leaf, + 


0.866; Mg seed x Mg leaf, + 0.688; Ca leaf x Mg seed, 


— 0.071; Mg leaf x Ca seed, - 0.311. The first two 


1 Received March 12, 1954. 


TABLE 


values were highly significant. This information is 
indicative of a relationship between the concentration 
of both Ca and Mg in the foliage of plants and in 
their seeds. A pertinent question is: If plants have 
a mechanism for excluding Ca from seeds, is it the 
relative insolubility of Ca compounds in plants with 
the Ca that is translocated to seeds at least in part a 
mass action effect? 


The author acknowledges the analytical assistance 
of Messrs. R. T. Mueller and N. Hemaidan in this 
study. 
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REPRESENTATIVE INORGANIC ANALYSES or Cirrus Seep Coats, EmMsryos, AND WHOLB SEEDS 


SPECIES Ca Me 


43 
34 
37 
32 
24 
28 
10 
16 


Seed coats of 5 citrus species * 
Embryos of 5 citrus species * 
C. Aurantium (sour orange) 
C. sinensis (sweet orange) 

C. paradisi (grapefruit) 

C. Limon (rough lemon) 
Hordeum sativum (barley) 
Medicago sativa (alfalfa) 


(lime). 


K 


* The five species were C. sinensis, C. paradisi, C. Limon, C. 
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AND oF Two OTHER PLANT Species 


N 


1.35 
3.31 
231 
2.41 
2.50 
2.94 
1.64 
5.25 


.146 
365 
.262 
312 
273 
337 
332 
629 


.090 
All 
123 
126 
031 
159 


ichangensis (ichang lemon), and C. aurantifolia 
























Though many investigations of photosynthesis 
have been carried out on detached parts of plants, 
the immediate effect of the severance of tree branches 
on their rate of photosynthesis has not been demon- 
strated. Lundegardh (5) states that the photo- 
synthetic capacity of a leaf (no species given) is not 
altered by cutting it from the plant, though it might 
be indirectly affected through changes in cell turgor 
or stomatal aperture. Matthaei (6) showed that 
under certain conditions, detached leaves of the ever- 
green cherry laurel (Prunus laurocerasus) maintained 


a constant rate of carbon dioxide assimilation for 10 | 


to 24 hours and in some cases even longer. Recently 
Freeland (3) used detached twigs of coniferous trees 
to determine the effect of age of needles on the photo- 
synthetic rate. These investigations showed that a 
more or less steady rate of photosynthesis was main- 
tained over a period beginning some time after de- 
tachment of the leaf or twig. No data were given, 
however, for rates of photosynthesis prior to or im- 
mediately following severance. 

The experiment reported here was designed 
primarily to determine whether the photosynthetic 
rate of spruce branches changed during the period 
immediately following their detachment from the tree. 
In addition, a study was made of the effect of clip- 
ping the needles of the current year from twigs as 
compared to the effect of removing the entire current 
year’s twigs. This latter question is of importance in 
studies of defoliation. 

The experimental trees, which had been growing 
in large flower pots for more than a year, were 30.5 
to 40.6 em high and from five to seven vears old. 
All were apparently in good health as indicated by 
regular shoot growth increments for the past three 
growing seasons. The current year’s shoots were well 
developed but their needles were not fully matured. 

Photosynthetic rates were obtained by enclosing a 
branch in an illuminated chamber and measuring the 
rate of reduction of carbon dioxide concentration with 
an infra-red gas analyzer. The apparatus has been 
described by Decker (2). 

A tree was placed on its side beneath the photo- 
synthesis chamber and a branch, consisting of two or 
three years’ growth, was inserted into the chamber 
which was then sealed with modeling clay. For a 30- 
minute period prior to the first photosynthesis run, 
the branch was subjected to routine operating con- 
ditions (5300 fe, 28° + 0.5° C) except that room air 
was pumped through the chamber. This induction 


1 Received April 9, 1954. 

2 Contribution No. 135, Division of Forest Biology, 
Science Service, Department of Agriculture, Ottawa, 
Canada. 

3 Work was done in the Depart:cent of Botany, New 
York State College of Forestry, Syracuse, New York. 
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period was inserted because earlier work with spruce 
showed that the photosynthetic rate increased during 
the first 15 minutes, or more, of illumination. The 
system was then closed and the air within it recycled 
continuously between the chamber anc the analyzer. 
A minute quantity of carbon dioxide was injected 
into the circulating air stream and the rate of photo- 
synthesis was determined by timing the fall of carbon 
dioxide concentration over the range (°712 mg to 
0.476 mg per liter of air. The mean operating con- 
centration, 0.594 mg CO,/i air, is that generally ac- 
cepted for normal air (1, 4). Three photosynthesis 
runs were made. The branch was then severed below 
the chamber and recut under water without disturb- 
ing the clay seals. Three runs were made on the 
severed branch. Next, the chamber was removed, 
the current year’s needles were clipped off, the cham- 
ber was replaced and resealed and three runs were 
made on the partially defoliated branch. Lastly the 
defoliated twigs were cut off and three runs were 
timed for the pruned branch. The total elapsed 
time for each branch was about 2.5 hours from the 
start of the induction period to the end of tie last 
timed photosynthesis run. 

The experimental design was that of paired in- 
dividuals (7) with each pair consisting of measure- 
ments of the same branch before and after the treat- 
ment. This procedure excluded inter-tree variability 
from the analyses and thus only the differences due to 
treatments were tested. 

The results (table 1, fig 1) show that there was 
no change in the photosynthetic rates of spruce 


TABLE [ 


APPARENT PHOTOSYNTHESIS OF 20 Norway SprucE 
BRANCHES 








MEAN RATES AS MG CO, PER BRANCH PER HR 








' P lst 2np 3rd MEAN MEAN 
TREATMENT RUN RUN RUN’ RUN DIFF. 
Branch 
— 4320 4.335 4.339 4.3360 0.0065 + 0.0456 
severed 4.329 4315 4.343 4.3295 
Needles off 2.318 2345 2.364 2.3435 . 

Twigs off 2317 2321 2324 23205 9020+ 0.0249 
Statistical analysis 
df. Mean Sa* t prob. 
diff. 
Attached 

vs. 

severed 19 0.0065 0.0218 0.298 0.60 


Needles off 
vs. 
twigs off 19 0.0230 0.0119 1.925 0.07 





* Standard error of mean difference. 
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branches for 20 minutes following detachment from 
the tree, and, as indicated by the new constant rate 
after defoliation there probably was none during the 
90 minutes following detachment. The results also 
show that the two methods of artificial defoliation 


differed negligibly in their effects on apparent photo- 
synthesis. 


Time course of photosynthesis in Norway 
spruce branches before and after detachment from tree, 
then with the current year’s needles and twigs removed. 


PLANT PHYSIOLOGY 


The sensitivities of the experimental and analytical 
methods were such that a mean difference between 
treatments of about one percent would have been 
statistically significant. 


The work was directed by Dr. J. P. Decker whose 
helpful suggestions and criticisms are gratefully 
acknowledged. Thanks are extended to Dr. J. Fedkiw 
for critically reviewing the statistical design. 
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THE INFLUENCE OF 2,4-DICHLOROPHENOXYACETIC ACID ON THE 
PHOSPHORUS METABOLISM OF CRANBERRY BEAN 
PLANTS (PHASEOLUS VULGARIS) 12:4 


THEODORE L. REBSTOCK, CHARLES L. HAMNER anno HAROLD M. SELL 
DEPARTMENTS OF AGRICULTURAL CHEMISTRY AND Horticulture, 
MIcHIGAN Srate Coriece, East LANsInGc, MICHIGAN 


The effects of 2,4-dichlorophenoxyacetic acid 
(2,4-D) on several aspects of the metabolic activity 
in bean plants have appeared in numerous publi- 
cations, but little information is available on the in- 
fluence of this compound on the metabolism of phos- 
phorus. Recently, Loustalot et al (3) have shown 
that application of 2,4-D to white bean plants in- 
creased the inorganic phosphorus content. Since the 
latter substance plays an important role in the bio- 
chemical processes of plants, the effect of 2,4-D on 
the metabolism of this important element was studied. 

Samples of leaf, stem, and root tissue of the 
cranberry bean plant were obtained by the procedure 
described by Neely et al (4). Seeds of a certified 
strain of cranberry bean plants were selected for 
uniformity of size and planted in 4-inch pots in the 


1 Received May 17, 1954. 

2This research wa supported by the Horace H. 
Rackham Research Endowment of Michigan State Col- 
lege. 

8 Published as Journal Article No. 1639, Michigan 
Agricultural Experiment Station, East Lansing, Michigan. 


greenhouse in April of 1953. Each pot contained two 
plants that were treated with 2,4-D (1000 ppm) 
when the first trifoliate leaves were expanding, ap- 
proximately 10 days after planting. The plants 
were harvested 6 days after treatment and three 
replications of 200 plants each of 2,4-D treated and 
non-treated plants were used for the analyses. The 
phosphorus content of the leaf, stem, and root tissue 
was divided into the following four fractions: total, 
acid soluble, aleohol soluble, and nucleic acid phos- 
phorus. Phosphorus was estimated by the method 
outlined in the AOAC (1). For total phosphorus the 
samples were ashed in a muffle furnace. Solutions for 
alcohol soluble determinations were prepared by a 
modified procedure of Snell and Snell (8) using a 
HNO;-HC10, oxidizing agent; acid soluble phos- 
phorus by method of Pons and Guthrie (5); and 
nucleic acid phosphorus according to the procedure 
of Williams (10). 

The results when expressed as mg of phosphorus 
per one hundred plants are summarized in table I. 
The phosphorus content of the leaves of plants 
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TABLE [ 


Errect or 2,4-D1CHLOROPHENOXYACETIC ACID ON THE 
PHospHorUS CoNTENT oF CRANBERRY 
Bean PLANnts 








MG OF PHOSPHORUS PER 100 PLANTS 
PHOSPHORUS - — 
FRACTION 





TREATED NON-TREATED 


REPLICATES 
Leaf 
Total phosphorus .. 72.6 740 
Acid soluble 629 614 
Alcohol soluble .... 44 62 
Nucleic acid 41 43 


Stem 
Total phosphorus .. 33.2 33.1 
Acid soluble 274 236 
Alcohol soluble .... 25 4.1 
Nucleic acid 34 32 


Root 
Total phosphorus .. 53.2 522 53. 
Acid soluble 445 40.7 43.7 
Alcohol soluble .... 20 22 27 
Nucleic acid 20 25 28 





treated with 2,4-D showed the following trends. The 
total amount of phosphorus of the treated plants was 
lower than that of the non-treated plants. The de- 
crease in phosphorus content occurred principally in 
the acid soluble and alcohol soluble fractions from 
the leaves of the treated plants while the nucleic 
acid phosphorus in the treated plants was only 
slightly lower than that of the leaf tissue of the 
control plants. 

In the stem tissue the results were strikingly 
different. The total phosphorus content of the stem 
tissue from the 2,4-D treated plants was higher than 
that of the non-treated plants. The level of the acid 
soluble phosphorus of the treated plants was slightly 
higher while the amount of phosphorus in the alcohol 
soluble fraction remained about the same in both the 
stems of the treated and non-treated plants. In the 
case of the nucleic acid phosphorus the content in 
the stem tissue from the 2,4-D treated plants was 
approximately double that of the non-treated stem 
tissue. 

The phosphorus content of the roots from plants 
treated with 2,4-D was not appreciably changed from 
that of the non-treated plants. 

Sell et al (6, 9) have reported that the greatest 
effect of 2,4-D upon the metabolism of red kidney 
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bean plants occurred in the stem tissue resulting in 
an accumulation of protein. The data reported herein 
are in accord with this observation. The most strik- 
ing change was in the nucleic acid content of the stem 
tissue. The stems from the 2,4-D treated plants 
contained almost double the amount of nucleic acids 
as did the non-treated plants. Silberger and Skoog 
(7) showed also an accumulation of nucleic acids in 
the pith tissue of tobacco plants treated with 3-in- 
doleacetic acid. Nucleie acids are generally considered 
to be involved in the phenomena of growth and have 
a possible role in protein synthesis (2). The striking 
change in nucleic acid content may account for the 
unusual growth and development of the plant as a 
result of the treatment with 2,4-D. 


LITERATURE CITED 


1. Association or OrrFicta, AGRICULTURAL CHEMISTS. 
Official Methods of Analysis. 7th Ed. P. 104. 
1950. 

2. Havrowrrz, F. Chemistry and Biology of Proteins. 
Pp. 1-374. Academic Press, Inc., New York. 1950 

3. Lousrator, A. J., Morris, M. P., Garcta, J., and 
Pacan, C. 2,4-D affects phosphorus metabolism. 
Science 118: 627-628. 1953. 

. Neery, W. B., Batt, C. D., Hamner, C. L., and Serr, 
H. M. Effect of 2,4-dichlorophenoxyacetic acid on 
the invertase, phosphorylase and pectin methoxyl- 
ase activity in the stems and leaves of the red 
kidney bean plants. Plant Physiol. 25: 525-528. 
1950. See also Errata, Plant Physiol. 26: 4. 1951. 

5. Pons, W. A., and Gururm, J.D. Determination of 
inorganic phosphorus in plant materials. Ind. 
Eng. Chem., Anal. Ed. 18: 184. 1946. 

. Serr, H. M., Luecxe, R. W., Tayzor, B. M., and 
Hamner, C. L. Changes in chemical composition 
of the stems of red kidney bean plants treated 
with 2,4-dichlorophenoxyacetic acid. Plant Physiol. 
24: 295-299. 1949. 

. Srepercer, J., Jk. and Sxoec, F. Changes induced by 
indoleacetic acid in nucleic acid contents and 
growth of tobacco pith tissue. Science 118: 443- 
444. 1953. 

3. Snery, F. D. and Snetx, C.T. Colorimetric Methods 
of Analysis. 3rd Ed. Vol. 3. P. 656. D. Van 
Nostrand, Inc., New York. 1949. 

9. Weiter, L. E., Luecxe, R. W., Hamner, C .L., and 
Sertt, H. M. Changes in chemical composition of 
the leaves and roots of red kidney bean plants 
treated with 2,4-dichlorophenoxyacetic acid. Plant 
Physiol. 25: 289-293. 1950. 

. WititiaMs, R. F. The estimation of nucleic acid 
phosphorus in plant materials. Jour. Exptl. Biol. 
Med. Sci. 23: 213-219. 1945. 














A turbidimeter utilizing the Tyndall effect (light 
passing into a suspension of microorganisms or other 
suspended material is scattered at right angles to the 
direction of the incident beam and then observed by 
a photocell) has been described previously (2). At 
that time it was shown that a linear relationship ex- 
isted between the values of turbidity, obtained as 
readings on a microammeter, and the number of or- 
ganisms per ml for certain yeast and bacteria. In 
addition, the readings were independent of the color 
normally present in the culture media. The present 
note shows that the characteristics of linearity and 
color-independence hold when the organism is 
Chlorella vulgaris. Since this type of turbidimeter 
gives readings which are linearly related to dry 
weight of the suspended cells while they are gro ving 
in standard unselected test tubes, it is a valuable in- 
strument for use in experiments involving growth 
studies of Chlorella. 

The instrument was tested using a culture of 
Chlorella vulgaris Beijerinck and a modified culture 
produced by treating that Chlorella with soft x-rays. 
This x-ray mutant is still typical Chlorella vulgaris 
except that the macroscopic appearance is more yel- 
low than that of the normal organism and in micro- 
scopic appearance the chloroplasts are smaller and 
more yellow than green. 

Standard unselected 22 mmx 175 mm Pyrex test 
tubes were used. Fifteen ml of liquid organic me- 
dium containing 0.1% arginine (1) were put into 
each of 50 tubes, which were then plugged with cot- 
ton and autoclaved. One-half of the tubes were 
inoculated with the normal Chlorella organism and 
the other one-half with the modified one. The tubes 
were incubated at 21°C in a cabinet provided with 
fluorescent lamps. Beginning with the fourth day 
and through the fourteenth day of growth, turbidi- 
metric readings were made on all tubes. Each day 
dry weight determinations were made on the cells in 
2 tubes of each strain of Chloreiia. 

For the dry weight determinations, the cellular 
contents of a tube were centrifuged, washed twice 
with distilled water, transferred into a tared alumi- 
num foil dish, and dried at 90° C for one hour. 

Turbidimetriec readings for the Chlorella cells, ob- 
tained while they were in the same test tubes in 
which they had been grown, were plotted against the 
corresponding dry weight determinations. It is con- 
cluded from the data presented in figure 1 that with 
this Tyndall-effect turbidimeter a linear relationship 
exists between the microammeter readings of the in- 
strument in the range 0 to 150 and dry weight of 
Chlorella, and that the difference in color between 


1 Received June 4, 1954. 
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Fic. 1. Relation between iurbidimetric readings 
(microamperes) obtained for Chlorella vulgaris growing 
in liquid medium in test tubes and the dry weight of 
these cells. @ Chlorella vulgaris, control culture; O Chlo- 
rella vulgaris, modified, x-ray treated culture. 


the two organisms used has substantially no effect 
upon this relationship. 
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NEWS AND NOTES 


Dr. Firman E. Bear, recently retired from the 
Soils Department, New Jersey Agricultural Experi- 
ment Station, Rutgers University, where he had 
served as chairman and professor of agricultural 
chemistry since 1940, will continue to work on the 
campus as editor-in-chief of Soil Science. He has been 
succeeded by Dr. Russell B. Alderfer. 





JOSEPH STUART CALDWELL 
1878—1952 


Joseph Stuart Caldwell was born near Knoxville, 
Tennessee, October 31, 1878. His father was a farmer 
and land surveyor. He graduated from New Market 
Academy at New Market, Tennessee, in 1898, and 
went on to Maryville College at Maryville, Tennessee, 
where he had a scholarship for three years, majoring 
in Biology and Chemistry. After receiving a B.A. 
degree in Science at Maryville he entered the Univer- 
sity of Chicago, where he studied Botany, Plant 
Physiology, Physiological Chemistry, Physiology and 
Vertebrate Zoology, leading to an A.M. degree in 
1904. 

In the fall of 1904 he accepted a position as Pro- 
fessor of Biology at the George Peabody College for 
Teachers in Nashville, Tennessee, where he remained 
until June, 1911. At that time he went to Tucson, 


Arizona, as Research Assistant in Plant Physiology 
at the Desert Laboratory of the Carnegie Institution. 
He was also a Fellow in Plant Physiology at the Uni- 


versity of Chicago 1911-12. In June, 1912, he was 
offered and accepted the position of Head of the De- 
partment of Botany at Alabama Polytechnic Institute 
and Plant Physiologist at the Agricultural Experi- 
ment Station in Auburn, Alabama. By attending 
summer quarters at the University of Chicago, he was 
able to obtain his Ph.D. in 1914, with a major in 
Plant Physiology. 

In January, 1916, Dr. Caldwell left Alabama and 
spent a year in Pullman, Washington, as Plant Physi- 
ologist and Specialist in Fruit Utilization at the Wash- 
ington Agricultural Experiment Station. 

In December, 1917, he was appo'nted to the posi- 
tion of Plant Physiologist in charge of the Fruit and 
Vegetable Utilization Project in the Bureau of Plant 
Industry of the United States Department of Agricul- 
ture. During his work with the Bureau Dr. Caldwell 
conducted extensive studies on' determining kinds and 
varieties of fruits and vegetables best suited for dif- 
ferent utilization purposes, such as canning, drying, 
freezing, and other methods of preservation; the in- 
fluence of soil and nutritional conditions on the raw 
material and their effects on the containers and table 
quality of products, as well as physical condition, 
stage of maturity, and other factors that affect qual- 
ity of the finished product. He cooperated exten- 
sively with fruit and vegetable production specir":-ts 
in determining qualities and range of usefulness 0! ©* + 
great number of selections resulting from breeung 


work. Results of these investigations were made 
available through many Department publications and 
perhaps a still larger number of comprehensive arti- 
cles in food journals and other comparable publica- 
tions, thus getting the information quickly into the 
hands of those who would benefit by it. His research 
was of great economic importance to all producers of 
perishable fruit and vegetable crops which lend them- 
selves to preservation by various methods. 

A man of unusua! originality and ability, he was 
able to successfully solve difficult problems arising in 
the field of food preservation. His extensive training 
in physiology and biochemistry enabled him to de- 
velop theories based upon chemical ‘and physiological 
facts which resulted in experimental research leading 
to a high degree of success. He became a recognized 
national authority in the field of dehydration and 
made outstanding contributions to knowledge in new 
and improved methods which were highly important, 
pa-ticularly in war-time conditions. His ‘studies on 
the behavior of various fruits and vegetables when 
processed in ordinary operations of sanitary canning 
disclosed the reasons for behavior of certain fruit and 
vegetable products in the so-called “ pin-holing” of 
cans after product has been processed. Contributions 
which he made to the knowledge of fruit drying and 
fruit juice preparation, particularly apple juice and 
cider, were very important to the fruit industry. For 
example, his work on blending, clarification and pas- 
teurization of cider make it available to the consumer 
throughout the year instead of for a short period. 

He was a member of various scientific societies: 
American Association for the Advancement of Sci- 
ence; American Society for Horticultural Science; 
Botanical Society of America; American Society of 
Plant Physiologists; Phi Kappa Phi; and Sigma Xi. 

Dr. Caldwell remained with the Bureau of Plant 
Industry for almost 31 years until he retired at the 
age of 70 on October 31, 1948. He was appointed 
Collaborator with the Bureau and continued his re- 
search in his laboratory until shortly before his death 
on February 18, 1952. Dr. Caldwell is survived by 
his widow, who resides at 4309 Queensbury Road, 
Riverdale, Maryland —F. P. Cuttrnan. 





SouTHERN WEED CONFERENCE: The Eighth An- 
nual Meeting of the Southern Weed Conference will 
be held at the Hotel Soreno, St. Petersburg, Florida, 
January 17 to 19 inclusive, 1955. 

The purpose of the meeting is to bring together all 
phases of weed control research and education in the 
southern part of the United States—Lronarp Lert, 
Chairman, Publie Relation Committee, Southern Weed 
Conference, P. O. Box 18, Memphis, Tennessee, tele- 
phone: 5-7525. 


“THe Discovery oF UNICELLULAR Lire”: On the 
joint occasion of the dedication of the Institute of 
Microbiology at Rutgers University in June, 1954, 
and the meeting of the International Botanical Con- 





494 


gress at Paris in July, 1954, the Editors of Chronica 
Botanica issued a short keepsake entitled “The Dis- 
covery of Unicellular Life.” The pamphlet, with a 


foreword by Professor A. J. Kluyver, is devoted to 
excerpts of communications by Antoni van Leeuwen- 
hoek to the Royal Society of London; the excerpts 


PLANT PHYSIOLOGY 


were reprinted from “Collected Letters of Antoni van 
Leeuwenhoek” (N. V. Swets and Zeitlinger, Amster- 
dam, the Netherlands). Copies of “The Discovery of 
Unicellular Life” are available, without charge, from 
the Chronica Botanica Company, Waltham 54, Massa- 
chusetts —E. C. CANTINO. 
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